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Abstract

Although the Standard Model (SM) of particles and interactions has survived forty

years of experimental tests, it does not provide a complete description of nature. From

cosmological and astrophysical observations, it is now clear that the majority of matter in

the universe is not baryonic and interacts very weakly (if atall) via non-gravitational forces.

The SM does not provide a dark matter candidate, so new particles must be introduced.

Furthermore, recent Tevatron results suggest that SM predictions for benchmark collider

observables are in tension with experimental observations. In this thesis, we will propose

extensions to the SM that address each of these issues.

Although there is abundant indirect evidence for the existence of dark matter, terrestrial

efforts to observe its interactions have yielded conflicting results. We address this situation

with a simple model of dark matter that features hydrogen-like bound states that scatter

off SM nuclei by undergoing inelastic hyperfine transitions. We explore the available pa-

rameter space that results from demanding that DM self-interactions satisfy experimental

bounds and ameliorate the tension between positive and nullsignals at the DAMA and

CDMS experiments respectively.
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ABSTRACT

However, this simple model does not explain the cosmological abundance of dark mat-

ter and also encounters a Landau pole at a low energy scale. We, therefore, extend the field

content and gauge group of the dark sector to resolve these issues with a renormalizable UV

completion. We also explore the galactic dynamics of unbound dark matter and find that

“dark ions” settle into a diffuse isothermal halo that differs from that of the bound states.

This suppresses the local dark-ion density and expands the model’s viable parameter space.

We also consider the> 3σ excess inW plus dijet events recently observed at the

Tevatron collider. We show that decays of a color-octet, electroweak-triplet scalar particle

(“octo-triplet”) can yield the requisite final state to explain the data. We also find that octo-

triplets can induce mixing in theB−B system and may give rise to additional CP violation.

The model makes concrete predictions for several final states accessible at the LHC, so it

can promptly be discovered or falsified.

Finally we address the anomalous top forward-backward asymmetry observed the Teva-

tron. We find that a spin-1 color octet particle with flavor blind axial interactions can ex-

plain this anomaly if the mass is in the 50 - 90 GeV range. We explore the multitude of

experimental constrains in this mass window and present theviable parameter space as a

function of the axigluon mass and coupling constant.

Advisor: David E. Kaplan
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Chapter 1

Introduction

The Standard Model (SM) of the strong and electroweak interactions is perhaps the

crowning achievement of theoretical physics. It realizes the most general, renormalizable

quantum field theory invariant under anSU(3)c × SU(2)L × U(1)Y symmetry with local

gauge invariance. The subscriptc refers to the “color” charge associated with strong force,

L stands for the “left-handed” chiral nature of theSU(2)L interactions, andY is the “hy-

percharge” associated with the abelian subgroup. Every known particle is charged under a

representation of these three groups.

The strong force, Quantum Chromodynamics (QCD), is described by the dynamics of

SU(3)c interactions involving spin 1/2 quarks that carry one of three possible color charges

(red, green, or blue) and spin 1 gluons that carry both color and anti-color charges. The

strength of the force between color-charged objectsincreaseswith their separation distance,

so that on everyday length scales (and temperatures), quarks and gluons are not observed
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CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

as free-particles; they form bound states known ashadrons– e.g. protons and neutrons.

The electroweak force is described by the remainingSU(2)L×U(1)Y gauge symmetry

and gives rise to both electromagnetism and the “weak” force, which is responsible for var-

ious nuclear processes – e.g. beta decay. The quarks, leptons (spin 1/2 fermions uncharged

under QCD – e.g. electrons or neutrinos), and Higgs boson allcarry charges under both

product groups, however theSU(2)L subgroup is chiral; its gauge bosons only mediate in-

teractions between the left-handed projections of fermionfields. The fullSU(2)L×U(1)Y

symmetry is exact at the level of the fundamental equations of the theory, but is “broken”

by the low-temperature vacuum, which is only invariant under the Quantum Electrody-

namics (QED) subgroupU(1)QED, whose lone force carrier, the familiar photon, is a linear

combination of the electrically neutral gauge bosons from the full electroweak group.

Since its introduction over forty years ago, the SM has withstood a battery of high and

low energy tests without any significant discrepancies between its theoretical predictions

and and experimental results [1,2]. Nonetheless, the SM is not complete. Based on indirect

cosmological and astrophysical evidence, we know that non-baryonic dark matter (DM)

comprises∼ 80% of the matter in our universe, yet the SM offers no plausible dark matter

candidate. Furthermore, in recent years, the Tevatron has seen several hints of new particles

or forces beyond the SM. In this thesis, we will present several extensions to the SM that

propose new dark matter candidates and attempt to explain the new collider anomalies. We

begin with a detailed description of the SM field content.

2



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

1.0.1 Standard Model Description

The SM features three generations spin 1/2 of quark fields{QL = (uL, dL), uR, dR},

three generations of spin 1/2 lepton fields{L = (νL, eL), eR}, and a spinless Higgs boson

H all charged under anSU(3)c × SU(2)L × U(1)Y gauge symmetry. The spin 1 gauge

bosons{Ga
µ,W

α
µ , Bµ} charged as adjoints underSU(3)c × SU(2)L × U(1)Y respectively

are the force carriers that mediate interactions between quark, letpon, and higgs fields (See

Table 1.1).

SU(3)c SU(2)L U(1)Y Spin

Qi
L 2 2 +1/6 1/2

uiR 2 1 +2/3 1/2

diR 2 1 −1/3 1/2

Li 1 2 −1/2 1/2

eiR 1 1 −1 1/2

Ga
µ Adj. 1 0 1

W α
µ 1 Adj. 0 1

Bµ 1 1 0 1

H 1 2 +1/2 0

Table 1.1: Standard Model field content andSU(3)c×SU(2)L×U(1)Y charge assignments.
For each fermionic field the indexi = 1, 2, 3 labels the generation.

All SM interactions are given by the most general renormalizable lagrangian invariant

3



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

under all gauge symmetries

LSM = −1

4
BµνBµν −

1

4
W αµνW α

µν −
1

4
GaµνGa

µν +
∑

ψ

ψ i6Dψ + |DµH|2 + µ2|H|2

−λ|H|4 −
∑

ij

(
yuij Q

i

LH̃u
j
R + ydij Q

i

LHd
j
R + yeij E

i
HejR +H.c.

)
(1.0.1)

whereH̃ ≡ iσ2H†, σ2 is the second Pauli matrix,a = 1, .., 8 is anSU(3)c color index,

α = 1, 2, 3 is anSU(2)L electroweak index,i = 1, 2, 3 is a flavor index,ψ is any of the

fermion fields in Table 1.1,µ is the Higgs mass parameter,λ is the dimensionless Higgs

quartic coupling, andyu,d,eij are dimensionless Yukawa couplings. The gauge field-strength

tensors are

Bµν ≡ ∂µBν − ∂νBµ (1.0.2)

W α
µν ≡ ∂µW

α
ν − ∂νW

α
µ + gǫαβγW b

βW
γ
ν (1.0.3)

Ga
µν ≡ ∂µG

a
ν − ∂νG

a
µ + gsf

abcGb
µG

c
ν (1.0.4)

whereg andgs are theSU(2)L andSU(3)c coupling constants andǫαβγ andfabc are the

corresponding group structure constants. The most generalcovariant derivative acting on

any field that transforms under representationsG3 andG2 of SU(3)c×SU(2)L respectively

and carriesU(1)Y hypercharge ofY (see column 3 in Table 1.1) is given by

Dµ ≡ ∂µ − igs(T
a
G3
)Ga

µ − ig(T αG2
)W α

µ − ig′Y Bµ , (1.0.5)

whereg′ is the coupling constant forU(1)Y , andT aG3
, T αG2

, are generator matrices for rep-

resentationsG3 andG2 of SU(3)c andSU(2)L respectively.

Upon the breakdown of electroweak symmetrySU(2)L × U(1)Y → U(1)QED, the

Higgs scalar acquires a vacuum expectation value in its neutral component〈H〉 =

4



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

(0 v/
√
2 )T , wherev = 246 GeV, and gives masses to linear combinations ofW α

µ and

Bµ fields. In the mass eigenbasis we can define theW± andZ bosons as

W±
µ ≡ 1√

2
(W 1

µ ∓ iW 2
µ) , Zµ ≡

gW 3
µ − g′Bµ√
g2 + g′2

(1.0.6)

with corresponding massesmW = gv/2 andmZ =
√
g2 + g′2 v/2. The other linear

combination of electrically neutral gauge bosons becomes the familiar photon of Quantum

Electrodynamics (QED)

Aµ ≡ g′W 3
µ + gBµ√
g2 + g′2

, (1.0.7)

which remains massless.

1.1 Dark Matter

There is tremendousindirect evidence for the existence of dark matter, which com-

prises roughly80% of the matter in our universe. The presence of dark matter canbe

inferred from the CMB power spectrum [3], surveys of large scale structure [4], galactic

rotation curves [5–7], and weak lensing observations [8]. Although this evidence does not

require DM to participate in non-gravitational interactions, many of the best motivated SM

extensions (e.g. supersymmetry, extra dimensions) feature plausible dark matter candidates

that interact weakly with visible particles. This possibility motivatesdirectdetection efforts

to observe DM collisions off SM nuclei in terrestrial detectors.

5



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

1.1.1 Direct Detection and DAMA

Direct detection experiments typically involve underground detectors designed to ob-

serve the recoil of a target nucleus after a collision with a dark matter particle as it passes

through the Earth. The rate per unit recoil energy is proportional to the number of target

nuclei and the flux of incoming dark matter particles:

dR

dER
= NT nDM

∫ vesc

vmin(ER)

f(v)
dσ

dER
v dv , (1.1.8)

whereNT is the number of target nuclei,nDM is the local number density of dark matter

particles,σ is the DM-nucleus scattering cross section,v is the DM speed relative to the

target,f(v) is the distribution of DM speeds in the laboratory referenceframe, andvesc

is the galactic escape velocity. For elastic scattering, the minimum speedvmin that a DM

particle must have to induce a nuclear recoil of energyER is

vmin(ER) =
1

µ

√
mNER

2
, µ =

mN mDM

mN +mDM
(1.1.9)

wheremN is the nuclear target mass,mDM is the dark matter mass andµ is the reduced

mass of the system. Importantly, there is no lower thresholdfor recoil energies; DM par-

ticles of any speed can produce a recoil, so for a typical Maxwellian f(v), the recoils are

due predominantly to DM from the peak of the distribution.

The dark matter halo is stationary in the galactic rest frame, but the Sun has a constant

velocity through the galaxy, so as the earth orbits the Sun, the relative velocity between

the Earth and the DM halo depends on the alignment of Earth andSun velocities. This

motion makesf(v) time-dependent and periodic in the Earth frame, shifting towards higher

6



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

velocities when Earth and Sun velocities are parallel (June2nd) and towards lower velocities

when they are anti-parallel (Dec.2nd). Since all the time dependence in direct detection

comes fromf(v), any DM/SM interaction yields an anually modulated event rate. The

DAMA collaboration claims to have detected this modulation, with the correct period, and

with a statistical significance of8.2 σ [9]. However, when the null results of other direct

DM searches are interpreted as constraints onelasticDM scattering, all of the parameter

space preferred by DAMA’s signal is ruled out (See for example Ref. [10].)

1.1.2 Inelastic Dark Matter

If we abandon the assumption of elastic scattering, it is possible to reconcile DAMA

with other null results [11]. In the Inelastic Dark Matter (iDM) framework, the dark sector

contains two species of particle whose masses differ by somesmall amountδ and, upon

scattering, the lighter species converts into the heavier one. The mass splitting gives rise to

a threshold recoil energy – and DM speed – not present in the elastic case

vmin(ER) =
1√

2mNER

(
mNER
µ

+ δ

)
, vthreshold =

√
2 δ

µ
. (1.1.10)

Unlike with the elastic case in Eq. (1.1.9), hereER cannot be arbitrarily small and there is

always a threshold velocity below which all scattering is kinematically forbidden. Depend-

ing on the size ofδ, this threshold can also lead to substantially higher annual modulation

than in the elastic case. It is even possible to chooseδ so that the scattering rate van-

ishes when the velocity distribution shifts towards lower velocities later in the year. This

7



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

effect weakens the constraints from direct detection experiments whose data were gath-

ered primarily during wintertime in the northern hemisphere. Note also the dependence of

Eq. (1.1.10) on the nuclear mass:vthreshold grows asmN decreases, so inelastic scattering

favors heavier targets. The DAMA detector consists of Iodine nuclei, so the constraints

from experiments using lighter nuclei (e.g. Xenon and Germanium) are also weakened.

With a dark matter massmDM ∼ 100 GeV and an inelasticityδ ∼ 100 keV the combi-

nation of the effects above can explain the DAMA results and simultaneously evade bounds

from other direct detection experiments. The apparent drawback to this approach is that it

seems highly unnatural for such a small mass splitting to arise in a theory whose typical

mass scale is one million times bigger. However, in composite quantum systems, like or-

dinary hydrogen atoms, hierarchical energy splittings of this sort arise quite naturally. In

Chapter 2, motivated by this feature, we will explore the possibility that DM exists primar-

ily in the form of atomic bound states that scatter off SM nuclei by undergoing inelastic

hyperfine transitions. In Chapter 3 we will revisit atomic dark matter and present an ultra-

violet (UV) completion that gives rise to the same low energyatomic bound states, but also

generates the observed DM abundance in the early universe and tames the non-perturbative

high-energy behavior of the original simple model.

8



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

1.2 Tension at the Tevatron

As the LHC begins to explore the high energy frontier, there are already some tanta-

lizing hints of discrepancies in the SM framework. In its final days, experiments at the

Tevatron proton anti-proton collider reported several hints of physics beyond the SM. In

this thesis we will consider models to address two of these: theW plus dijet excess ob-

served by the CDF collaboration and the large forward-backward asymmetry in top anti-top

production seen by both CDF andD∅. Although these anomalies have not yet reached the

5σ of statistical significance traditionally required to declare discoveries of new phenom-

ena,

1.2.1 CDF Dijet Excess

A crucial test of the the SM’s nonabelian character involvesthe three gauge-boson

interactions in Eq. (1.0.1). In the mass eigenbasis there are W+W−Z andW+W−A

operators, which have no analogues in purely abelian theories. At the Tevatron, these

interactions can be probed in proton anti-proton collisions which produce gauge boson

pairs

pp̄ → W±Z → ℓ±νqq̄ → ℓ±νjj , (1.2.11)

pp̄ → W+W− → ℓ±νqq̄ → ℓ±νjj . (1.2.12)

In each process aW decays to a charged lepton and neutrino while the otherW orZ decays

to two quarks, which evolve into “jets” (j) of hadronic matter.

9



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

A typical experimental probe of such events is the two-jet invariant mass distribution

where the invariant massmjj is defined as

mjj ≡
√
(E1 + E2)2 − (~p1 + ~p2)2 . (1.2.13)

HereE1,2 and~p1,2 are the energies and three-momenta of the two most energeticjets in an

event. Since this quantity is a relativistic invariant, a particle that decays to two quarks,

always yields two jets whosemjj is equal to the mother particle’s rest mass. By studying

this distribution nearmW andmZ it is possible to test the accuracy of the SM prediction.

For events identified to have theℓνjj final state, the CDF collaboration [12] observes

a large, statistically significant excess in themjj distribution near 150 GeV. This result

exceeds the SM prediction by over 4 standard deviations and may be evidence of a new

particle that is produced in association with aW boson and decays to a pair of strongly

interacting particles.

Since the D∅ collaboration does not see a comparable excess [13] and the Tevatron di-

rector’s task force has been unable to resolve the disagreement, this discrepancy will likely

persist until LHC results exhaustively probe the same process. Nonetheless, in Chapter 4

we will show that the CDF result can be explained with a new particle that transforms as a

color octet and electroweak triplet – an “octo-triplet”.

10



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

1.2.2 Top Forward-Backward Asymmetry

Since the top quark is the most massive and least studied SM fermion, it invites a

great deal of intrigue. In many well motivated extensions ofthe SM, it plays a key role

in electroweak symmetry breaking [14], so its detailed properties may deviate from naive

expectations based on the lagrangian in Eq. (1.0.1). This tantalizing possibility motivates

precision measurements of various top quark kinematic properties.

At the Tevatron the top quark is most commonly produced in association with an anti-

top quark, so it is natural to define forward-backward asymmetry AFB defined as

AFB ≡ σF − σB
σF + σB

, (1.2.14)

where the forward and backward cross sections are

σF =

∫ 1

0

dσ

d cos θ
d cos θ , σB =

∫ 0

−1

dσ

d cos θ
d cos θ (1.2.15)

σ is thett̄ production cross section, andθ is the scattering angle in the lab frame. At tree

level, all gluon exchange diagrams that producett̄ pairs are symmetric with respect to the

forward and backward directions, so no asymmetry arises. Atloop level, however, the

SM does predict a small asymmetry —AFB(SM) ∼ 5% – that arises from interference

between tree and loop level diagrams. This sensitivity to quantum effects makesAFB

particularly sensitive to new intermediate states that maybe kinematically inaccessible at a

collider, but still influence the angular distributions of final state particles.

Both Tevatron collaborations have recently reported measurements ofAFB in tt̄ pro-

duction with intriguing deviations from SM predictions. CDF’s main result [15] stud-

11



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

ies the lepton plus jets channel where one of the top quarks decays semi-leptonically:

pp̄→ tt̄→ (ℓνb)(qq̄). They report an inclusive parton level asymmetry

AFB (CDF )ℓj = (15.8± 7.4)% . (1.2.16)

If their measurement in the dilepton channelpp̄→ tt̄ → (ℓνb)(ℓνb) [16] is combined with

this result, the asymmetry becomes

AFB (CDF )ℓℓ+ℓj = (20.9± 6.6)% , (1.2.17)

and exceeds the SM prediction [17]- [19] by more than 2 standard deviations.

D0 performs a similar search [20] in the lepton plus jets channel and reports an inclusive

parton-level asymmetry

AFB (D0)ℓj = (19.6± 6.5)% , (1.2.18)

which is also more than 2σ above the SM prediction. Taken together, these consistent

deviations may be evidence for new physics in top quark production.

While all the inclusive measurements are consistent, the CDF lepton plus jets result

sees sharp mass dependence [15] in the binned asymmetry

AFB(Mtt̄ < 450GeV) = (−11.6± 14.6)% ,

AFB(Mtt̄ > 450GeV) = (47.5± 11.4)% ,

whereMtt̄ is the invariant mass of thett̄ system. Here the high mass bin is3.4 σ above the

SM prediction. Although neither D0 nor the complementary CDF dilepton search see the

12



CHAPTER 1. THE STANDARD MODEL AND ITS DISCONTENTS

same effect, both find consistently positive> 2σ deviations from the SM over the fullMtt̄

range. In Chapter 5, we will see that this anomaly can be explained with a very light (∼ 50

– 90 GeV) spin-1, color octet particle with flavor-universalaxial couplings to SM quarks.

13



Chapter 2

Atomic Dark Matter

2.1 Introduction

Cosmological observations suggest that dark matter comprises more than80% of the

matter in the universe [4, 21]. Much of the effort to explain the origin of dark matter has

focused on minimal solutions in which dark matter consists of a single particle species,

the most popular being the neutralino in variants of the supersymmetric standard model.

Such dark matter models include the compelling feature thatweak-scale physics – weak-

scale mass and weak-force coupling strength – can naturallygenerate dark matter with the

correct cosmological abundance. Dark matter in this broad class is described as weakly

interacting massive particles (WIMPs).

However, conflicts do exist between WIMP models and observational data. The di-

rect detection experiment, DAMA [9], sees a positive signalwith great significance (8σ),

14



CHAPTER 2. ATOMIC DARK MATTER

yet when interpreted as a standard WIMP, other experiments such as CDMS [24] and

XENON10 [25], completely rule out the same parameter space.Also, measured cosmic

ray spectra may suggest a new primary source for electrons and positrons in our galaxy and

potentially evidence for dark-matter annihilation; however, the standard neutralino candi-

date is unable to fit this data [26–29].

These issues suggests compelling reasons to explore dark matter models beyond the

minimal candidate. In addition, the dark matter sector (or ‘dark sector’) may be rich with

complexity and may feature unanticipated dynamics. In fact, the dark matter may even

interact via a long-range force – a massless gauge boson – which is still allowed by the

bounds on the number of relativistic degrees of freedom during big bang nucleosynthesis

[30].

In this chapter we propose a dark sector charged under a hidden U(1) gauge symmetry.

We assume two species of fermions, a ‘dark proton’ and a ‘darkelectron’, and that the

dark matter abundance comes from a matter–anti-matter asymmetry.1 We shall see that

in interesting parts of parameter space, the bulk of the darkmatter exists in atomic bound

states. The Lagrangian is

Ldark = Ψp( 6D +mp)Ψp +Ψe( 6D +me)Ψe (2.1.1)

where 6D = i6∂ + gQ6A andQ = ±1 for Ψp andΨe respectively. In what follows we use

the conventionmp ≥ me without loss of generality. We show (Section 2.2) that for parts

of parameter space, recombination in the dark sector occursefficiently, and we discuss
1 Some models that use the matter–anti-matter asymmetry to generate the correct dark matter abundance

exist [88,90], but we do not explore them here.
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the bounds from and implications for structure formation. We then add interactions which

allow for direct detection in a way that mimics inelastic dark matter [11] and show that

there exist parts of parameter space which can explain the DAMA signal, while avoiding

constraints from other direct detection experiments (Section 2.3). Finally, in Section 3.5

we discuss, in a cursory way, other phenomena potentially related to atomic dark matter.

A number of ideas related to this work have appeared in the literature. For example, the

idea of U(1) charged dark matter has appeared in [33–36] and the idea of composite dark

matter in [37]. To our knowledge, this is the first work to explore the generic parameter

space for viable atomic dark matter.

2.2 Cosmology

Introducing a new hidden U(1) has interesting cosmologicalimplications. Our interests

lie in the parameter space that affords atomic systems. The existence of standard model

(SM) atomic hydrogen states in the early universe requires an asymmetry between particles

and antiparticles; dark atoms are no different. We assume that there is a ‘dark asymmetry’

akin to the baryon asymmetry in the SM, and that the dark asymmetry is such that the

universe is net charge neutral,ne = np.2 The existence of dark atoms implies that dark

matter is coupled to dark radiation until the universe coolsbeyond the binding energy of

2Unless otherwise noted,e, p, and H refer to the dark electron, dark proton, and dark hydrogen,
respectively.
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hydrogen

B =
1

2
α2
DµH, (2.2.2)

whereαD is the dark fine structure constant andµH = (memp)/(me +mp) is the reduced

mass of dark hydrogen. This has potentially interesting implications for structure formation

because interactions in the dark sector can decouple much later than in a conventional CDM

WIMP model. Observations of satellite galaxies seem to favor some mechanism to damp

the growth of small scale structure in dark matter [40, 41], which, as discussed below, can

be provided by atomic dark matter.

2.2.1 Dark Recombination and Halo Constraints

One of the most interesting features of the model is the presence of both neutral and

ionized dark matter components. The fractional ionization, Xe, plays an important role in

the cosmic evolution of the dark matter. At early times,Xe affects the decoupling temper-

ature of dark matter and dark radiation, which impacts small-scale structure formation of

dark matter. At late times, bounds on dark matter self-interactions constrainXe because

the dark matter ions interact through a long range force. Theresidual ionization fraction

in the dark sector is governed by neutral atom formation in analogy with SM hydrogen

recombination [42]. In the following, we follow the notation of Ref. [43].

The residual ionization fraction is found by solving the Boltzmann equation for the free
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dark electron fraction,

Xe ≡
ne

ne + nH
. (2.2.3)

The evolution ofXe depends on the Hubble rate, H, and the rate fore+p ↔ H+γ. We can

write the thermally-averaged recombination cross sectionusing the dimensionless variable

x = B
T

as

〈σv〉 = ξ
64π√
27π

α2
D

µ2
H
x1/2ln(x). (2.2.4)

whereξ = 0.448 is a best-fit numerical coefficient [44,45]. The equation governingXe can

be written as

dXe

dx
= C

1

Hx

[
(1−Xe)β −X2

e nDM〈σv〉
]

(2.2.5)

where

β = 〈σv〉
(
Bme

2πx

)3/2

e−x. (2.2.6)

As discussed in [42, 44], recombination into then = 2 state completely dominates the

evolution ofXe. This is accounted for through the factorC in Eq. (2.2.5) which represents

the fraction ofn = 2 states that produce a net gain in the number of ground state hydrogen

atoms. This is not unity because the thermal bath can ionize the n = 2 state before it

decays. Thus,C is the ratio of the(n = 2 → n = 1) decay rate to the sum of this decay

rate plus the ionization rate (see [42] for a detailed discussion)

C =
Λα + Λ2γ

Λα + Λ2γ + β(2)
. (2.2.7)
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Figure 2.1: The allowed parameter space inαD − me for a givenmp and as a function
of the residual ionization fraction,Xe. Atom dark matter is viable in the colored regions,
which correspond to10−2 < Xe < 10−1 (red circles),10−3 < Xe < 10−2 (blue triangles),
10−4 < Xe < 10−3 (magenta boxes) andXe < 10−4 (green stars). The striped region is
ruled out by Eq. 2.2.21 withκ = 1 and this region extends to the dashed black line for
κ = 3. The black-crossed region is ruled out becauseXe > 10%.

The rates are given by

β(2) = βe3x/4 (2.2.8)

Λα = H
(3B)3

(8π)2
1

(1−Xe)nDM
(2.2.9)

Λ2γ = 3.8
32

211
α8µH
4π

(2.2.10)

whereΛα the rate for a Lyman-α photon to redshift such that it cannot exciten = 1 → n =

2 andΛ2γ is the two photon decay rate of2s → 1s, which has been taken from Ref. [46].

We find thatXe varies from1 − 10−10 throughout the parameter spaceαD ∈ [10−3, 0.3]

, me ∈ [0.01GeV, mp], mp ∈ [me, 3TeV]. Self-interactions, as discussed below, rule out

some of this parameter space. A few representive planes are plotted in Figure 3.2.
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Bounds on the atomic parameter space andXe can be derived from observations of the

Bullet Cluster and halo profiles. The bounds are derived through the momentum transfer

cross section3

σimt =

∫
dΩ(1− cos θ)

dσi

dΩ
(2.2.11)

where the indexi runs over the three types of self-interactions present in our dark sec-

tor: Hydrogen–Hydrogen, Ion–Hydrogen, and Ion–Ion. The last process is described by

Coulomb scattering, but since we want to study a dominantly atomic dark sector, the Ion–

Ion cross section is the least relevant to our model and we do not discuss it further. Naı̈vely,

the first two cross sections are bounded by geometric values

dσ

dΩ
≤ a20, (2.2.12)

wherea0 = 1/(αµH) is the Bohr radius of dark hydrogen. However, this naı̈ve guess

is inadequate. At low energies (k a0 ≪ 1) both of these processes can be described by

scattering from a central potential

V ∝ r−n (2.2.13)

with n = 6 and4, respectively. In this case one finds that the cross sectionsare velocity-

independent constants and enhanced over the geometric estimate [47]. We are generally

interested in a wide range ofka0, thus these results are not strictly applicable however these

cross sections are slowly decreasing functions of the relative velocity [47]. A conservative

3Note thatσmt reduces to the total elastic cross section for hard-sphere s-wave scattering which is typical
of WIMP dark matter models.
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estimate of the cross sections is given by

dσ

dΩ
≤ (κ a0)

2, (2.2.14)

with 3 ≤ κ ≤ 10. The values ofκ have been inferred from general quantum mechanical

scattering [48,49] and detailed computations of SM hydrogen scattering [50–52].

With the relevant cross sections in hand, we can use observations of the Bullet Cluster

[53, 54] as a guide for the present day maximum value ofXe. Measurements of the mass-

to-light ratio and the radius of the sub-cluster suggest that the sub-cluster could have lost no

more thanFobs = 20 − 30% of its initial mass. Following the analysis in [53], the number

of scattering centers that a single dark matter particle encounters as it passes through the

target cluster in the case of one species is

τ =
σ

m
Ξs; (2.2.15)

this quantity is often referred to as the scattering depth. The parameterΞs is the surface

mass density of the sub-cluster defined as

Ξs ≡
∫ R

0

ρ(z) dz, (2.2.16)

whereρ(z) is the sub-cluster’s volume mass density andR is the radius of the sub-cluster.

For multiple species, with speciesi in the sub-cluster having a mass densityΞi, and mass

mi, scattering off of speciesj in the target cluster, we have

τij =

(
Ξ

m

)

i

σijfj (no sum) (2.2.17)
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whereσij is the cross section fori andj to interact andfj is the number fraction of speciesj

in the target cluster. Equation 2.2.17 can be rewritten in terms the of total observed surface

mass density,ΞT =
∑

i

Ξi, as

τij = ΞT
fi∑

k

fkmk

σijfj. (2.2.18)

We make the simplifying and conservative assumption that all of the ions in the sub-

cluster are scattered out of the sub-cluster. In this case, the mass fraction lost throughH−j

scattering is bounded by

FH = Fobs − fp
mp

mH
− fe

me

mH
= Fobs −Xe. (2.2.19)

The mass fraction actually lost from the sub-cluster, usingcross sections as parameterized

in (2.2.14) and (2.2.18), is

∆ =
∑

j

τHj =
ΞT
mH

(1−X2
e )4πκ

2a20. (2.2.20)

Demanding that∆ < FH we have the bound

σ

mH
=

4πκ2a20
mH

<
Fobs −Xe

ΞT (1−X2
e )
. (2.2.21)

Plugging in the valuesΞT = 0.2 –0.3 cm−2g andFobs = 0.2 gives a constraint on the

atomic parameter space [53]

(
0.1

αD

)2(
1GeV
µH

)2(
100GeV
mH

)
∼< (2 –20)

0.2−Xe

1−X2
e
. (2.2.22)

Thus, we find thatXe andσ/mH are bounded simultaneously. From our conservative

(and representative) assumption about the Ion-Ion cross section,Xe is bounded to be less

22



CHAPTER 2. ATOMIC DARK MATTER

than10%−20% regardless ofσ/mH. For very smallXe, the usual CDM WIMP bounds on

σ/mH are applicable; our estimate yieldsσ/mH ∼< 1 cm2/g, which is slightly larger than

the detailed simulations of [54]. Figure 3.2 shows some of the allowed parameter space in

theαD −me plane for a few atomic masses ranging between10GeV and1TeV.

Previous considerations of a hiddenU(1) [33,34] have concluded that soft scattering of

charged dark matter can drastically affect halo formation and thereby rule out large swaths

of parameter space. This result follows from the soft singularity in the Rutherford scat-

tering rate which, when integrated over galactic time scales, can lead to significant energy

transfer between charged particles. This effect tends to smooth out the core of the dark

matter distribution. Application of these results excludesall of the parameter space shown

in Figure 3.2. However, since Hydrogen-Hydrogen scattering is well modelled by hard-

sphere scattering in the majority of the considered parameter space, these bounds are not

applicable to atomic dark matter. The relevant bounds from halo formation considerations

are0.1 cm2/g ∼< σ/me ∼< 1 cm2/g, which do not signficantly change our conclusions [55].

Atomic dark matter provides a dynamical mechanism to shut off the naı̈ve long range ef-

fects of a hidden U(1).

2.3 Direct Detection

Atomic dark matter, as thus far considered, is secluded fromthe standard model. While

the cosmology of atomic dark matter is interesting in its ownright, it naturally lends itself
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to inelastic scattering because of energy level quantization. This offers an exciting possible

explanation of the DAMA data [9].

The unperturbed energy levels of hydrogen are

En =
α2
DµH

2n2
. (2.3.23)

One might hope that the DAMA scale –O(100 keV) – could be generated by energy dif-

ferences between levels with different principle quantum numbers. Generically the rate of

elastic scattering will be greater than that of inelastic scattering. However, predominantly

inelastic scattering could be enforced by settingmp = me = 2µH. In this case, the first

Born term for elastic scattering vanishes. Unfortunately,efficient recombination in such a

scenario forces one to considermH ∼ GeV, which is too small to account for the recoil

energies measured by DAMA. Nevertheless, atoms have a rich structure and the allowed

parameter space for viable recombination naturally leads to hyperfine splittingson the order

of 100 keV for weak-scale hydrogen. The hyperfine splitting is given by

Ehf =
2

3
gegpα

4
DµH

me

mp
(2.3.24)

wherege, gp are the gyromagnetic ratios of the dark electron and dark proton, which we

take to be equal to two.

Exploiting this scale requires a scattering process which is dependent on the spins of the

dark atom’s constituents. This can be accomplished with a brokenU(1)X which is axially

coupled to the dark matter and mixed with the standard model hypercharge as in [37]

Lmix = ǫXµνBµν . (2.3.25)
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Having an axial coupling in the dark sector and a vector coupling to the standard model will

ensure that the dominant scattering process changes the dark atom spin state by one unit.

After integrating out the Z boson and diagonalizing the gauge kinetic terms, the Lagrangian

becomes

L = LSM + LDM + LDarkGauge

LDM = Ψp(i 6∂ − g5 γ5 6X + g 6A+mp)Ψp +Ψe(i 6∂ + g5 γ5 6X − g 6A+me)Ψe

− ǫ sw
m2
Z

JZ µJ
µ
D

LDarkGauge = −1

4
A2
µν −

1

4
X2
µν −

(
ǫ cwJ

µ
EM + ǫ sw

(
MX

mZ

)2

JµZ

)
Xµ +

M2
X

2
X2.

(2.3.26)

The parameterscw andsw are the cosine and sine of the weak mixing angle. The dark

currentJµD is

JµD = −g5 Ψpγ
µγ5Ψp + g5Ψeγ

µγ5Ψe, (2.3.27)

andJµEM andJµZ are the standard model electromagnetic and weak neutral currents, respec-

tively.

The calculation of the direct detection scattering cross section is organized as follows.

First, we derive the non-relativistic interaction Hamiltonian for dark atoms and standard

model nucleons from Eq. (2.3.26). Second, we use this to calculate the differential cross

section for a dark atom to scatter from a spin singlet to a spintriplet state off of a standard

model nucleon and append a form factor to account for recoil of the entire nucleus. Third,
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we rewrite the resulting rate in terms of the nuclear recoilER. Finally, we convolve the

recoil rate with the dark matter velocity distribution.

2.3.1 Non-relativistic Interaction Hamiltonian

In order to calculate the scattering cross section for dark atoms off of standard model nu-

clei we derive the interaction Hamiltonian by taking the non-relativistic limit of the current-

current interaction

A = 〈JµDDµνJ
ν
Y 〉, (2.3.28)

whereDµν is the Coulomb gauge propagator forX. The leading behavior of Eq. (2.3.28)

is

A ≃ g5 ǫ cw e

~q 2 +M2
X

χ
′†
s′

[
~σe · ~pe

me
+
~σe · ~q
2me

+
~σe · ~q
2mn

− ~σe · ~pn
mn

+
~σp · ~pn
mn

− ~σp · ~q
2mn

+
(~σe · ~q)(~q · ~pn)
mn(~q 2 +M2

X)
− (~σe · ~q)~q 2

2mn(~q 2 +M2
X)

− (~σp · ~q)(~q · ~pn)
mn(~q 2 +M2

X)
+

(~σp · ~q)~q 2

2mn(~q 2 +M2
X)

]
χs ξ

′†
r′ξr.

(2.3.29)

wheremn is the nucleon mass,~pe is the initial momentum of the dark electron, that of

the nucleon is~pn and~q is the momentum conjugate to the relative coordinate between the

electron and nucleon.χs andχs′ are the initial and final spin states of the atom and can

be written in the form:χAtom = χp ⊗ χe. The dark matter spin operators are~Se, p =1 ⊗ ~σe/2, ~σp/2 ⊗ 1. ξr andξr′ are the initial and final spin states of the standard model

nucleon. In the following analysis we consider proton masses ofO(100GeV) and electron
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masses ofO(1GeV), so we have ignored terms suppressed bymp. We have also dropped

terms suppressed byMZ . Finally, we have omitted terms which depend on the spin of the

standard model nucleon, as we expect these terms to contribute incoherentlyto the overall

scattering cross section and hence be suppressed by the atomic number of the nucleus.

2.3.2 Inelastic Dark Atom - Nucleus Scattering

The cross section in the center of mass of the hydrogen-nucleus system is given by

[58,59]

d σhf
dΩ

≡ dσ

dΩ
(S = 0 → S = 1) =

µ2
NA

4π2

∣∣∣∣
k′

k

∣∣∣∣
∣∣∣〈p′

H, p
′
N , N

′, H ′| Ĥint |p′
H, pN , N,H〉

∣∣∣
2

.

(2.3.30)

HereĤint is the interaction Hamiltonian, which is obtained from Eq. (2.3.29) by Fourier

transforming~q to position space. The prefactor containsµNA = (mH + MN )/(mH +

MN ) which is the reduced mass of hydrogen and the nucleus, and themomenta~k and~k ′

which are the initial and final momenta conjugate to the relative coordinate between the

atom and the nucleus. Our basis is the hydrogen atom momentum{pH , p
′

H}, the nucleus

momentum,{pN , p
′

N}, and the internal states of hydrogen and the nucleus,{A , A′} and

{N , N ′}. The explicit evulation of the matrix element in Eq. (2.3.30) is complicated by

the fact that there are four particles in the incoming and outgoing states. The hydrogen

atom and the nucleus are both free particles while the electron and nucleon are bound to

the respective free particle motion. Since the scattering centers, the electron and nucleon,
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do not correspond to the coordinates of free particle motion, hydrogen’s center of mass and

the nucleus’s center of mass, the matrix element in Eq. (2.3.30) contains an atomic form-

factor in addition to the usual nuclear form factor. We find, ignoring terms suppressed by

me/mH andmn/MN , the cross section to be

d σhf
dΩ

=

∣∣∣∣
k′

k

∣∣∣∣
(
2µ2

NA

π2

)(
g5 Ze ǫ cw
q2 +M2

X

)2
∣∣∣∣∣χ

′†
s′

[
Fel(q

2)
~Se · ~q
µne

− Fel(q
2)

(2 ~Se · ~q) q2
mn (q2 +M2

X)

−
~Sp · ~q
mn

+
(2 ~Sp · ~q) q2

mn (q2 +M2
X)

]
χs

∣∣∣∣∣

2 ∣∣FH(q
2)
∣∣2 . (2.3.31)

The electron form factorFel(q2) is found to be

Fel(q
2) = 〈0|ei~q ·~re |0〉 =

(
1 +

q2a20
4

)−2

(2.3.32)

where|0〉 is the ground state of the dark atom. The functionFH(q
2) is the Helm nuclear

form factor which accounts for the overlap between nucleon and nuclearstates [60, 61].

We have averaged over initial nucleon spin and summed over final nucleon spin. Summing

over the final atomic spin states and using Eq. (2.3.32) we have

d σhf
dΩ

=
M2

N

2

∣∣∣∣
k′

k

∣∣∣∣
(
g5 Ze ǫ cw

π

)2

 Fel FH G(q

2)

M2
X

(
1 + q2

M2
X

)




2 (
q

µne

)2

; (2.3.33)

we have defined the functionG(q2) as follows

G(q2) ≡ 1 +
µne
mn

[
F−1
el − (1 + F−1

el )
q2

q2 +M2
X

]
. (2.3.34)

We rewrite the above in the following form

d σhf
dER

=
4Z2 α

µ2
ne f

4
eff

M2
N

v2rel

ER F
2
H F

2
el

(1 + 2MNER/M2
X)

2
G2(ER) (2.3.35)

f 4
eff ≡ M4

X

2 (g5 ǫ cw)2
, (2.3.36)

where we have defined the scalefeff for compactness and for comparison to Ref. [37].
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2.3.3 Modulated Nuclear Recoil Rate

The amplitude of the modulated recoil rate at a detector withNT target nuclei of mass

MN is given by

dR

dER
≡ 1

2
NT

ρ

mDM

∫ vesc

vmin

dv v f(v)
d σhf
dER

∣∣∣∣
June

January

, (2.3.37)

wherev is the relative velocity between the dark atom and the nucleus,ρ = 0.3 GeV/cm3

is the local dark matter density and we usevesc = 550 km/s for the dark matter escape

velocity – see Ref. [62]. The lower bound on the velocity integration is the minimum

relative velocity that can produce a given recoil energy

vmin ≡
√

1

2MN ER

(
MN +MH

MH
ER + Ehf

)
. (2.3.38)

Following Ref’s. [62,63], the velocity distribution in Eq.(2.3.37) is approximated by

f(v) =





1
N

(
1
πv20

)3/2
e−v

2/v20 , for v < vesc

0, for v ≥ vesc.

(2.3.39)

The normalization is

N = erf

(
vesc
v0

)
− 2√

π

vesc
v0

e−(vesc/v0)
2

, (2.3.40)

with v0 = 220 km/s.

Figure 2.2 is an example of the modulated count rate at DAMA asdefined

in Eq. (2.3.37) with the data points and reported uncertainties from DAMA and

DAMA/LIBRA [9]. We have plotted the modulated spectrum for three choices of the set
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Modulated DAMA Spectrum

Figure 2.2: Examples of the modulated spectrum at DAMA defined in Eq. (2.3.37) com-
plete with the data points from the DAMA and DAMA/LIBRA experiments. The curves
correspond to the following choice of parameters from left to right in order of their
rise from zero (black, red and green in color order)mp = 200, 100, 70GeV; me ≃
1.59, 1.53, 2.15GeV; feff ≃ 89, 109, 111GeV. The hyperfine splittings are all about
97 keV.

of parameters(mp, me, αD, MX , g5 andǫ) which satisfy the rather stringent list of con-

straints enumerated below. Note the linear dependence onER and the presence of an

atomic form factor in Eq. (2.3.35). Although the first term tends to push the peak toward

larger values ofER, the atomic form factor turns off scattering whenqa0 ∼ 1.

Mixing With The Standard Model:

Perhaps the harshest constraints are on the mass of the axialU(1) and its kinetic mixing

with the standard model, since the direct detection cross section is roughly proportional to

ǫ2/M4
X . The one loop contribution ofX to the anomolous magnetic moment of the muon
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is

aXµ =
α ǫ2

2 π

∫ 1

0

dz
2m2

µ z(1 − z)2

m2
µ (1− z)2 +m2

X z
. (2.3.41)

As discussed in Ref. [109], regardless of how one treats the hadronic contribution to the

theoretical prediction ofaµ, theX boson’s one loop contribution must satisfy

aXµ ≤ 7.4× 10−9. (2.3.42)

In order to be conservative we restrict ourselves to (see Figure 1 in Ref. [109])

MX ≥ 100MeV andǫ2 ∼< 10−5.

Mixing between the massless gauge boson in the dark sector and the photon is not

induced by loops in our theory, and we nominally set it zero. Aconstraint on this mixing,

ǫ′, can be derived from bounds on its contribution to the anomalous magnetic moment of

the electron. The constraint isǫ′ < O(10−4) [109]. Astrophysical constraints also exist, but

are much less restrictive for the range of electron masses weare considering [65].

Sufficient Recombination:

The residual ionized dark matter will scatterelasticallyas it does not cost any energy

to flip a free spin. Efficient recombination and a hyperfine splitting consistent with DAMA

imply that the typical electron mass isO(1GeV) and therefore too small to induce observ-

able nuclear recoils. The strongest constraints on direct detection of the free dark protons

come from CDMS [24, 66]. With a net exposure of 174.7 kg-d, theCDMS experiment
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allows5.3 signal events at 90% confidence level. To be consistent with the bounds from

direct detection4 we demand thatXe ≤ 10−4.

Energy Level Corrections Due to the Axial U(1):

The proton-electron interaction due to the broken axial U(1) is a perturbation to the

hydrogen Hamiltonian and gives a correction to the hyperfinelevel splitting. The correction

is given by

δEhf ∼ 〈0| g
2
5

4π

e−MXr

r
|0〉 = g25

4π a0
(1 + a0MX)

−2. (2.3.43)

RequiringδEhf ≪ Ehf gives

g25 ≪ 32 π

3
α3
D

me

mp

(
1 +

MX

αD µH

)2

. (2.3.44)

The parameter sets shown in Figure 2.2 satisfy this constraint.

Breaking the Axial U(1):

Masses for the dark electron, dark proton and the axial gaugeboson all violate the axial

U(1) symmetry. Perhaps the simplest way to give mass to theseparticles is giving a vev to

a charge+2 scalarφ+2, as in [37]

L ∋ |Dµ
5φ+2|2 − λ

(
|φ+2|2 − v2+2

)2
+ yp(p̄R φ+2 pL + p̄L φ

∗
+2 pR)

+ ye(ēR φ+2 eL + ēL φ
∗
+2 eR). (2.3.45)

4The discussion in this section actually puts a bound on thelocal ionized fraction. We assume for sim-
plicity – here and throughout this chapter – that the distribution of ionized dark matter matches that of atomic
dark matter. However, due to the presence of a long-ranged force, it may be that the ionized distribution
is very different from the typical dark matter halo. A full N-body simulation of a multiple species halo is
beyond the scope of the present work, so for now we ignore thisinteresting possibility.
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Figure 2.3: The allowed parameter space forMX andg5 for two values of the dark proton
mass. The other atomic parameters –αD andme – have been chosen so thatEhf ≃ 97 keV
andXe ≤ 10−4. The allowed parameter space forMX andg5 for two values of the dark
proton mass. The other atomic parameters –αD andme – have been chosen so thatEhf ≃
97 keV andXe ≤ 10−4. On each plot, the displayed values ofǫ2 are10−6, 10−5 and10−4

from left to right (green, red and blue in color order). To be consistent with constraints
discussed in Ref. [109],MX ≥ 0.5GeV forǫ2 = 10−4. The allowed points have an average
rate, in the 2 to 6 keVee bins at DAMA, between0.99×10−2 and1.63×10−2 cpd/kg/keVee.
The excluded regions correspond to choices of parameters which do not satisfy Eq. (2.3.46);
the solid black line is forΛ = 1TeV and the dashed line is forΛ = 10TeV.

When the scalar is at its vev, the mass spectrum is

MX = g5 v+2

mp = yp v+2

me = ye v+2. (2.3.46)

The DAMA signal requiresmp > mX andg5 ∼> O(10−2) thus one might worry about

the perturbativity ofyp. The yukawa coupling runs according to the following one loop

renormalization group evolution [67]

yp(Λ) =

√
2 π2

ln(Λ/mp)
, (2.3.47)

which blows up at the scaleΛ. If we takeΛ = 1TeV or10TeV, our parameter space is
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constrained as shown in Figure 2.3. In principle, the protoncould be a composite object

and the axial-symmetry breaking could occur at strong coupling (as in QCD) and not via

a weakly coupled scalar. The proton could also carry a chargeunder another gauge inter-

action that is relatively strong, but breaks at a TeV, thus tempering the UV behavior ofyp.

We leave explicit models of UV completions to future work.

Figure 2.3 displays the allowed parameter space for a few choices ofMX , g5 andǫ with

Xe ≤ 10−4 level.

2.4 Discussion

Dark matter succinctly explains a number of astrophysical and cosmological observa-

tions that are otherwise puzzling. Standard WIMP dark matter can accommodate the gross

features of these observations and naturally exists in models that attempt to explain the

origin of the weak-scale. However, the typical WIMP seems unable to explain tensions

between direct detection experiments. These considerations point to the possibility of a

non-minimal dark sector, which contains more similaritiesto thelight sectorthan is typi-

cally thought. Atomic dark matter – with a non-negligible ionized fractionXe and a new

massless gauge boson – offers the possibility of significantly different phenomena in the

dark sector than those of standard WIMPs.

Atomic dark matter may have hyperfine transitions of the right size to offer an inelastic

explanation for the DAMA data. If our simple model of atomic dark matter is the right
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explanation for DAMA and the ionized components of the halo follow the distribution of

the atomic dark matter, then other direct detection experiments should see dark protons in

the near future. Simulations of stucture formation with charged and neutral components

could shed light on these issues.

The dynamics that lead to atomic dark matter also may have other phenomenological

implications. For example, in parts of parameter space where the ionized fraction is large

enough,H2 molecules may form through processes catalyzed by the residual ions, as in the

SM [70]

H + e ↔ H− + γ

H− + H ↔ H2 + e (2.4.48)

and

H + p ↔ H+
2 + γ

H+
2 + H ↔ H2 + p. (2.4.49)

The existence of molecular states in the dark sector offers the possibility of cooling mech-

anisms which, in the SM, are thought to be very important for the formation of the first

stars [71]. This raises the interesting question of whetherand to what extent compact ob-

jects,e.g. dark stars, could form for weak-scale dark atoms. Moreover,if the dark photon

mixes with the SM photon, it may result in dark atomic line emissions in cosmic gamma

rays.

We have presented a somewhat generic model of atomic dark matter. Explicit models
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which explain the asymmetry abundance and which serve as ultraviolet completions of

the model could potentially relate astrophysical phenomena to physics to be probed by

the Large Hadron Collider. The part of parameter space in which the measured DAMA

signal is post-dicted requires the dark proton to be strongly coupled, or nearly so, at a

TeV. If strongly coupled, one could imagine additional features of the dark sector –i.e., a

composite atomic nucleus – which more strongly mimic our visible world.
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UV Completion: Dark Atoms

3.1 Introduction

While indirect cosmological observations provide abundant evidence for the existence of

dark matter (DM) [?, 4, 21], terrestrial evidence of its particle nature has been elusive.

The identity of DM stands alongside several important open questions at the intersection

of cosmology and particle physics including the missing anti-matter, the number of light

degrees of freedom in the CMB [72], and the observed absence of small-scale structure

[73,74].

Recently, the CoGeNT direct detection experiment [75] reported an excess of events in their

low-recoil bins. If this excess is interpreted as evidence of a DM particle, the natural scale

for its mass is∼ O(10GeV). Since this energy scale does not easily fit the so-called WIMP

paradigm, the dark sector must generically be expanded to generate the right cosmological
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abundance. This can be accomplished with new light states asin [76–78] or by relating

the DM abundance to the SM baryon asymmetry as in [79–83, 85–93, 133]. See [94] for a

thorough treatment of the constraints on such models.

Generic models of light DM are highly constrained by the nullresults of CDMS [95] and

XENON10 [25,96,97] experiments. The CDMS collaboration has recently reanalyzed the

CDMS II Germanium data with the detection threshold loweredto 2 keV. This analysis

excludes both the DAMA [98] and CoGeNT preferred regions forWIMP DM. XENON10

also claims to rule out the WIMP interpretation of DAMA and CoGeNT, though there

is controversy over XENON’s scintillation efficiencyLeff at low energies [99–101]. A

theory which can explain the positive signals while evadingall the constraints may require

some or all of the following epicycles: additional dark species [102], momentum dependent

DM/SM interactions [103] or non-standard couplings to nucleons [104] (see Ref. [105] for

a thorough study).

In this note, we suggest that atomic dark matter (aDM) may answer a number of important,

open questions in cosmology. We find that aDM can generate theright DM abundance

and baryon asymmetry, contains additional relativistic degrees of freedom and is capable

of smoothing structure on much larger scales than conventional CDM candidates [106].

Furthermore, aDM may reconcile CoGeNT with constraints from null experiments. We

also find that the regions of aDM parameter space favored by CoGeNT are consistent with

preliminary signals at CRESST [107]. Finally, we note that that the existence of both dark
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ions and atoms within aDM gives rise to a unique halo structure.

Section 3.2 gives a brief overview of aDM; section 3.3.2 extends the simple framework to

explain both the dark matter abundance and the SM baryon asymmetry via the mechanism

recently proposed in [92]; section 3.3.3 describes and justifies the pattern of spontaneous

symmetry breaking in the dark sector; section 3.3.4 describes the recombination of mul-

tiple species of dark atoms; section 3.4 reviews relevant direct detection signals, limits

and constraints on the aDM parameter space; subsection 3.4.1 includes a discussion of the

novel aDM halo structure; finally, section 3.5 summarizes our results and outlines future

directions.

3.2 Review of aDM

Atomic dark matter consists of four Weyl fermions -E, Ec, P and Pc - charged under

two U(1)’s. The first,U(1)D, has vector couplings and is unbroken. The second,U(1)X ,

has axial-vector couplings and is spontaneously broken by the vev ofX which is also

responsible for the masses ofE andP.

The axial gauge boson is kinetically mixed with SMU(1)Y through a coupling of the

form [108]

Lmix =
ǫ

2
BµνX

µν . (3.2.1)

This operator arises from integrating out a heavy fermion with vector couplings to both
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U(1)D U(1)X

E −1 −1

Ec 1 −1

P 1 1

Pc −1 1

X 0 2

Table 3.1: Field content andU(1) charges for aDM.

U(1)’s soǫ is given by:

ǫ(µ) =
gY gX
16π2

ln

(
Mheavy

µ

)
, (3.2.2)

where experimental constraints allowǫ2 . 10−5 for MX & 400MeV [109–111]. Note

that the existence of aU(1)gauge boson with this mass and coupling can ameliorate the

discrepancy between the standard model prediction and the measured value of the muon

g-2 [109]. The field content and interactions above are capable of producing a successful

cosmology and unique direct detection spectrum.

3.2.1 Cosmology

The possibility ofU(1) charged DM with long-range interactions, has been explored

in a number of works [33–36, 106]. In the case where DM exists in ionic form, halo mor-

phology and bullet-cluster observations [53, 54] place tight constraints on the(αD, mDM)
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parameter space. Long-range interactions push the DM from avirial configuration toward

kinetic equilibrium and can make the scattering rate in the bullet cluster too high. The aDM

scenario avoids these problems by assembling the dark ions into atomic bound states which

arenet neutralunder theU(1) with a smaller fractionXE existing in ionic form. The ionic

fraction is defined as:

XE ≡ nE
nE + nH

, (3.2.3)

and it is most sensitive to the value ofαD, tending to decrease as the coupling increases.

Similarly,XE also tends to decrease asmE increases withmP held fixed. The dependence

onmP is much weaker than the other two parameters. See Figure 3.2 for the light atoms

considered in this work and Figure 1 in Ref. [106] for a more general treatment.

In this framework, the cosmological abundance of DM is dependent upon the existence

of an asymmetry between(E, P ) and(E, P )c and we return to the question of generating

this asymmetry in Section 3.3.

3.2.2 Direct Detection

The leading interaction between aDM and the SM is through theX − γ mixing in

Eq. (3.2.1). The static potential between a SM particle withchargeQEM and a DM ion with

chargeQX goes like

V (~SDM, ~r ) ∼ (ǫQXQEM)
(
~SDM ·~r

) e−MXr

r2
, (3.2.4)
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with the dependence on the DM spin-operator arising from theaxial-vector couplings of

U(1)X , cf. Ref. [37]. As in SM hydrogen, the aDM ground state is then = 1 state with

anti-aligned spins and theS = 1 triplet states have a slightly higher energy so there is

a hyperfine splitting. At leading order, the interaction in Eq. (3.2.4) forces dark atoms to

scatterinelasticallyfrom SM nuclei by excitation into the hyperfine state. The ratio of the

hyperfine splittingEhf to the ground state binding energyB scales as

Ehf

B
∝ α2

D

mE

mP
, (3.2.5)

so thatEhf can easily beO(keV) for atomic massesO(10GeV). This implies that dark ions,

which are free spins, will scatterelasticallysuch that the ionic recoil spectrum vanishes

for small recoil energies. Thus, aDM realizes many of the mechanisms [105] necessary

for reconciling CoGeNT with other null searches. In Section3.4 we show that aDM can

explain the positive signals reported by both CoGeNT and CRESST while evading bounds

set by XENON and CDMS.

3.3 Asymmetric Atomic Dark Matter

In this section we propose an ultraviolet completion to the above model. It both dy-

namically explain the generation of the dark matter abundance (by linking it to the baryon

asymmetry), and relieves the issue of a Landau pole for theU(1) dark gauge field below

the Planck scale.
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3.3.1 The Model

We propose a nonabelian dark sector withSU(2)D × U(1)X gauge symmetry, where

the labelsD andA refer to “dark” and “axial,” respectively. By embeddingU(1)D into a

non-Abelian group we avoid a Landau pole below the Planck scale. The matter Lagrangian

contains

L ⊃−1

2
M i
nn

2
i + yijniℓjh + λieniEϕe + λipniPϕp + yeXEEc + ypX †PP c +H.c., (3.3.6)

whereℓj, h are the Standard Model lepton and Higgs doublets; theni (for i = 1, 2) are

sterile neutrinos with GUT scale Majorana massesMi; theϕp, ϕe, andX are scalar fields.

All gauge representations and quantum numbers are given in Table 3.2.

For at least two species of sterile neutrinos, the parameters yij andλie, p contain irre-

ducible complex-phases and give rise to CP violation. Out ofequilibriumn decays gener-

ate both the Standard Model lepton asymmetry and the asymmetric dark matter abundance.

While lepton number is explicitly violated by neutrino Majorana masses, it remains a good

accidental symmetry in the visible sector above the electroweak scale. In the dark sector,

we impose aZ2 symmetry to dangerousEP mass terms which allowEP annihilation into

dark radiation, see Table 3.2. Notice that Eq. (3.3.6) does not allow explicit mass terms for

the fermionsE andP ; however, dark-sector symmetry breaking via the VEV〈X 〉 ≡ vX

induces these fermion masses through theXEEc andX †PP c yukawa terms, as we will

see in Section 3.3.3.
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SU(2)D U(1)X Z2

E 2 −1 −1

Ec
2 −2 −1

ϕe 2 1 −1

P 2 1 1

Pc 2 2 1

ϕp 2 −1 1

X 2 2

2

3 1

Table 3.2: Field content and gauge representations for Asymmetric aDM. TheU(1)X
charge assignments forbidnEcϕe andnP cϕp terms which would wash out the dark matter
asymmetry. The discreteZ2 parity prevents atomic annihilation in the low energy effective
theory. Mixing betweenU(1)Y andU(1)D is naturally tiny due to theSU(2)D embedding.

3.3.2 Connecting Atomogenesis to Leptogenesis

Following [92] and [93], we track the evolution of these asymmetries with the parame-

ters

ǫℓ =
Γ (n1 → lh)− Γ

(
n1 → l̄h†

)

Γn1

(3.3.7)

ǫE =
Γ (n1 → Eϕe)− Γ

(
n1 → Ēϕ†

e

)

Γn1

(3.3.8)

ǫP =
Γ (n1 → Pϕp)− Γ

(
n1 → P̄ϕ†

p

)

Γn1

, (3.3.9)

Since the IR phenomenology will requireE andP to be stable with comparable masses,

we will simplify our discussion by considering only the asymmetry inE without loss of
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generality. for each number density of interest, the yieldsYi ≡ ni/s satisfy the Boltzmann

equations

sH1

z
Y ′
n1

= −γD
(
Yn1

Y eq
N1

− 1

)
+ (2 ↔ 2) , (3.3.10)

sH1

z
Y ′
∆E = γD

[
ǫE

(
Yn1

Y eq
n1

−1

)
− Y∆E

2Y eq
E

BE
]
+ (2 ↔ 2 washout + transfer)(3.3.11)

sH1

z
Y ′
∆ℓ = γD

[
ǫℓ

(
Yn1

Y eq
n1

− 1

)
− Y∆ℓ

2Y eq
ℓ

Bℓ
]
+ (2 ↔ 2 washout + transfer) ,(3.3.12)

where ′ denotes differentiation with respect toz ≡ Mn1/T , ∆(ℓ,E) track the particle-

antiparticle asymmetries in the two sectors,H1 is the Hubble parameter atT = Mn1 , s

is the total entropy density,Y eq
i are the equilibrium yields,B denote the branching frac-

tions of n1 into the corresponding channel and finally,γD is the thermally averagedn1

decay density

γD =
m3
n1
K1(z)

π2z
Γn1 , (3.3.13)

which we have written in terms of the first modified Bessel functionK1.

In order to generate the observed scale of neutrino massesO(10−2 eV) via the “See-

Saw” mechanism and the correct abundance ofO(10GeV) dark matter, we must work

in the so-called “strong-strong” washout regime where bothSM and dark sector partial-

widths satisfyBℓ,EΓ2
n1

≫ Mn1H(Mn1). In this scenario the neutrinos remain coupled

to the cosmological fluid until the2 ↔ 2 scattering terms (e.g.n1n1 ↔ ℓℓ) trigger the

departure from equilibrium after the neutrino number density becomes nonrelativistic. This

allowsYn1 to drift from Y eq
n1

and leave behind asymptotic particle/antiparticle asymmetries

Y ∞
∆(ℓ,E) in thez → ∞ limit.
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ϕe

n
ν, ℓ

E

ϕp

n
ν, ℓ

P

Figure 3.1: Diagrams contributing to scalar doublet decay through neutrino mass insertions.
After the scalars become matter-antimatter symmetric throughϕe andϕp number violat-
ing interactions, these decays give nonet lepton number violation and the decay products
annihilate into dark/visible radiation.

The Lagrangian in Eq. (3.3.6) only displays terms that exhibit a global symmetry un-

der whichE(P ) andϕe(ϕp) carry opposite charge. After electroweak symmetry breaking,

the scalarsϕe,p can decay to(ℓĒ) and(ℓP̄ ) final states (Figure 4.3). Since the scalars ac-

quire particle-antiparticle excesses equivalent to theirfermionic counterparts, their decays

naively erase the asymptotic fermion asymmetryY ∞
∆E. However, the scalar potential for

these fields allows terms that violateϕe andϕp number by two units

V (ϕp, ϕe) ⊃ κ (ϕpϕe)
2 + h.c. , (3.3.14)

and thereby initiate interconversionϕe,p ↔ ϕ†
e,p. When the dark asymmetry acquires its

asymptotic value atTasym ≫ Mϕ, the scalars are still relativistic and the interactions in

Eq. (3.3.14) equilibrate with the thermal bath to washout the scalar asymmetry before they

decay out of equilibrium1 at late times. Since there is no comparable interaction forE or

P , the resulting dark sector will only contain stable asymmetric fermions.

As with standard Leptogenesis, electroweak sphalerons generate the observed baryon

1Technically this requirement is too strong; the decay need not necessarily be out of equilibrium, but this
is generically the case since the only allowed process (Figure 4.3 ) is suppressed by powers ofv/Mn1

and
becomes relevant only after interconversion has frozen out.
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number from the lepton asymmetry at high temperatures. If the Yukawa couplings|λ|

and|y| are identical in magnitude and phase, then both sectors acquire the same particle-

antiparticle asymmetries. The ratioΩDM/ΩB will therefore have the observed value of

≃ 6 if the average mass in the dark sector isO(10GeV); we will assume this to be the case

throughout the remainder of this paper.

Finally, we note that in the limit where we ignore all interactions not included in

Eq. (3.3.6), we can define

σ ≡



σ+

σ−


 ≡

√
2



λ̃eE + λ̃pP

λ̃eE − λ̃pP




ϕ ≡



ϕ+

ϕ−


 ≡

√
2



ϕe + ϕp

ϕe − ϕp


 , (3.3.15)

so that Eq. (3.3.6) contains

λini σ · φ, (3.3.16)

whereλ̃e,p ≡ λie,p

λi
. Thus, we see explicitly that our UV theory is physically identical to that

in [92], which finds robust parameter space for thermal “See-Saw” Leptogenesis with dark

matter massmχ ≃ 10GeV. Since the model’s IR features (e.g. direct detection, structure

formation) are not sensitive to the parameters in the UV Lagrangian, in the rest of the paper

we take the asymmetry for granted. Furthermore, we will assume that the couplingsλie and

λip in Eq. (3.3.6) are such that the resulting asymmetries give equal numbers ofE andP

states at late times.
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3.3.3 Symmetry breaking and IR mass spectrum

The scalar potential for the adjointX contains

V (X ) ⊃ η (X a†X a)2 + η′X a†X bX a†X b +M2
XX a†X a , (3.3.17)

wherea andb areSU(2)D adjoint indices. While couplings to the other scalars are also

allowed, we demand that〈ϕe〉 = 〈ϕp〉 = 0, so operators with these fields do not contribute

to the minimization conditions. We have also omitted the allowed SM Higgs coupling

H†HX a†X a and absorbed its vev intoMX for simplicity.

ForM2
X < 0, the adjoint scalar acquires a VEV which we can rotate into theT3 direction

without loss of generality

〈
X 3
〉
=
〈
X 3†
〉
≡ vX =

√
M2

X

2(η + η′)
. (3.3.18)

SinceX is anSU(2)D doublet withU(1)X charge, this implies a symmetry breaking pat-

tern where the axial group is broken completelySU(2)D × U(1)X → U(1)D, while the

residual unbrokenU(1)D is just theT3 component ofSU(2)D. Henceforth, we will refer

to this massless gauge field as the “dark photon.”

After symmetry breaking, the fermionic doubletsE, P acquire massesmE,P ≡ ye,pvX

and residualU(1) charges are determined by theirSU(2)D isospin.

E ≡




ẽ

e


 , P ≡




p

p̃


 (3.3.19)
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As noted previously, gauge charges allow anEP mixing mass, which would allow

atomic states to annihilate, hence we demand aZ2 symmetry to forbid this mixing and

stabilize our dark matter candidate.

3.3.4 Recombination of Multiple Atomic Species

For sufficiently large dark couplings (e.g.αD ∼ 0.1), aDM gives robust parameter

space for early-universe recombination. The original scenario, however, assumes the min-

imal field content giving rise to only one species of atom: a Hydrogen-like bound state

with hierarchical constituents (e.g.mp ∼ 100me). In theSU(2)D× U(1)X model, the

field content allows four distinct atomic bound states. After X acquires a VEV, dark “elec-

trons”E and dark “protons”P generically receive different masses. Since both doublets

have charge±1 components(ẽ, e) and (p, p̃) under the unbrokenU(1)D symmetry, pre-

dicting the cosmological atomic abundance requires following the evolution of 8 correlated

species:̃e, e, p, p̃, Hep, Hẽp̃, Heẽ andHpp̃. The residualSU(2)D global symmetry guar-

antees that tilded and un-tilded fields evolve in the same way, which reduces the number of

independent species to five. Finally, we can reduce the number of independent equations

to four if we demand that the co-moving DM number density is constant, where

nDM = 2ne + 2np + 4Nep + 2Neẽ + 2Npp̃. (3.3.20)
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If we define the following fractional yields

XenDM = 2ne

XpnDM = 2np

YepnDM = 2Nep

Ypp̃ nDM = 2Npp̃

Yeẽ nDM = 2Neẽ, (3.3.21)

then Eq. (3.3.20) becomes

1 = Xe +Xp + 2Yep + Yeẽ + Ypp̃. (3.3.22)

Without loss of generality we setYeẽ = 1−Xe−Xp−2Yep−Ypp̃ and take the independent

Boltzmann equations to be2

dXe

dt
=

2

nDM
(Cep + Ceẽ)

dXp

dt
=

2

nDM
(Cep + Cpp̃)

dYpp̃
dt

= − 2

nDM
(Cpp̃)

dYep
dt

= − 2

nDM
(Cep) (3.3.23)

(3.3.24)

The collision operatorCij for the recombination of ionsi andj into bound stateHij can be

written as

Cij = 〈σ〉ij→Hijγ

(
Nij

neq
i n

eq
j

Neq
ij

− ninj

)
; (3.3.25)

2In the rest of this discussion we assume thatCP -violation is negligible, i.e. the matrix elements in these
Boltzmann equations areT -invariant.
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(b) Dashed lines are constantσself/MDM.

Figure 3.2: Solid lines show the total residual ionization.In both plots the values of the
residual ionizationXe are, from top to bottom:> 0.1, 10−2 − 10−1, 10−3 − 10−2, 10−4 −
10−3, 10−5 − 10−4 and10−6 − 10−5. Dashed lines on the left plot indicate the hyperfine
splitting in keV, while dashed lines on the right plot indicate constant values of the ratio
of the self-scattering cross section to the dark matter massin cm2/ GeV. In both cases, the
horizontal axis is the total mass of the dark atom.

the superscript “eq” refers to equilibrium number density and the full expression for the

thermally averaged recombination cross-section can be found in our earlier paper [106]

and references therein.

While the total dark matter number density depends on the abundances of all species,

the “chargitronium” stateseẽ and pp̃ do not interact with ordinary matter at leading or-

der; see Section 3.4.2 for a detailed discussion. In Figure 3.2(a) we plot the fractional

cosmological abundance of atomic states2Yep as a function ofαD and the atomic mass

mDM , including contours of constant hyperfine splitting. Observations of the bullet clus-

ter and constraints from DM halo morphology (see Section 2.1in [106]) demand that
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σself-scattering/MDM . 1 cm2/g. The self-scattering cross sections for ion-atom and atom-

atom interactions are large – larger than the naı̈ve geometric value 4πa20 – because the

interaction potentials are long-range, mediated by the massless dark photon. As noted

in [106] and references therein, over the relevant range of interaction velocities we con-

sider, the actual cross-sections scale asσself-scattering∼ 4π(κ a0)
2, where3 ≤ κ ≤ 10 sets the

scattering length. In Figure 3.2(b) we plot the same parameter space with contours of con-

stantσself-scattering/MDM. For the rest of the paper we will focus on the regions of parameter

space where2Yep ∼ O(1) andXe +Xp ≤ 10%.

3.3.5 Light Degrees of Freedom and the CMB

The CMB is sensitive to the number of relativistic degrees offreedom in equilibrium

with the photon gas, parameterized as the effective number of neutrinos,Nν

ρrad = ργ + ρν + ργdark =

[
1 + ζ

7

8

(
4

11

)4/3

Nν

]
ργ , (3.3.26)

whereργdark is the radiation density due the dark photon andζ ≃ 0.93 is a parameter that

corrects for neutrino/electron scattering and finite-temperature QED effects [112]. The dark

photon and ordinary photon are equilibrated by dark-electron visible-electron scattering

throughX-boson exchange, which becomes inefficient when the dark electrons become

non-relativistic. Their number density quickly becomes Boltzmann suppressed and the

the two sectors decouple around the temperatureTdec ≈ me/20, whereme is the mass of

the dark electron. Once the dark/visible photon gasses decouple, they maintain relativistic
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number densities, so any temperature difference that arises between them is due entirely to

the additional freeze-out of relativistic species, which heats the visible radiation.

The dark photon’s contribution toNν in the CMB depends strongly on whether the

sectors decouple before or after the QCD phase transition. For dark electron masses at our

scale of interest (∼ 1 GeV), the sectors decouple around 50 MeV≪ ΛQCD, so the visible

sector only gets reheated by standard model electron, positron and neutrino freeze-out.

Between decoupling and last scattering, approximately 10 relativistic degrees of freedom

freeze out in the visible sector, so the ratio of photon densities is

ργdark
ργ

=

(
8

43

)4/3

, (3.3.27)

which givesNν ≃ 3.4 at last scattering in the presence of dark radiation.

3.4 Direct Detection and Allowed Parameter

Space

3.4.1 Isothermal Ionic Halo

In this section we consider the fate of dark ions that surviveearly-universe recombi-

nation. For simplicity, we will assume single species of dark electronsE and protonsP .

In the equal mass limit,mE = mP , this assumption introduces no loss of generality and

the qualitative features of this argument do not change so long as the electron and proton
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masses are of the same order of magnitude. To model the cold DM, luminous disk, and

bulge, we follow the discussion in [114], however our qualitative results are robust un-

der perturbations of model input parameters and persist when we consider different CDM

haloes (e.g. NFW).

In the allowed regions of aDM parameter space, atomic bound states are the dominant

form of DM and both atom-atom and atom-ion scattering rates are suppressed. As such, we

can safely suppose that the CDM atoms in our galaxy settle into an Einasto3 profile [113]

at late times

ρatom(r) = ρ⊙ exp

{
− 2

αe

[(
r

ah

)αe

−
(
r⊙
ah

)αe
]}

(3.4.28)

whereρ⊙ = 0.3GeV/cm3 is the local DM mass density, the Einasto index isαe = 0.22,

and the length scale isah = 13 kpc. We assume that the presence of dark ions does not

significantly alter the CDM profile. The luminous disk can be modeled as

ρd(r, z) =
Σd
2zd

exp

(
− r

rd

)
sech2

(
z

zd

)
(3.4.29)

where(r, z) are cylindrical coordinates,Σ = 1154M⊙/pc
2 is the surface density, and

rd = 2.54 kpc (zd = 0.34) is the radial (axial) scale factor. Finally, the luminous “bulge”

can be modeled as a uniform sphere centered at the galactic origin. Since this lies well

within the solar radius, our model will be insensitive to thebulge profile, so the total bulge

mass enclosed in radiusr is

Mb(r) =Mb

(
r

rb

)3

(3.4.30)

3The qualitative results of this section do not change when weuse the NFW profile [73] to model the
dominant atomic CDM halo.

54



CHAPTER 3. UV COMPLETION: DARK ATOMS

whereMb = 4.5× 109M⊙ andrb = 1.54 kpc.

Although recombination leaves behind a global ionized fraction XE (see Eq. (3.2.3)),

after galaxy formation, the dark-ion mass distribution inside the halo can deviate signif-

icantly from a standard profile. To investigate this phenomenon, we assume a conser-

vative initial condition in which the ions are initially distributed in an Einsasto profile

ρion(t = 0; r) = XE ρatom(r), which becomes distorted as they scatter. While this ap-

proach does not take into account the initial ionic power spectrum, it sets an upper bound

on the local ionized fraction; ions encounter more frictionduring galactic infall and, there-

fore, comprise a smaller fraction of the total halo than our naive estimate (∼ XE) would

suggest.

Following the discussions in [33, 34] we consider the relaxation timeτ for an ion to

exchange anO(1) fraction of its kinetic energy. The classical scattering rate is

Γ = nion(r⊙)σ v(r⊙) =
4α2

Dnion(r⊙)

m2
ionv

3
(3.4.31)

wherenion is the ion density and implicitly depends onXE and we have used the geo-

metric cross sectionσ ∼ b2, whereb = 2α/mionv
2 is the hard-scattering impact parameter

. Comparing the relaxation time,τ = Γ−1 to the galactic period, we demand that a typical

ion undergoes many hard scatters during the lifetime of the galaxy

τ

T
≃ G2M(r⊙)

2m2
ion

8π2α2
D r

3
⊙ nion(r⊙)

≪ 50 ; (3.4.32)

whereT = 2πr⊙/v is the galactic period andM(r) is the total (non-ionic) mass enclosed

in radiusr. In the parameter space we consider, this condition is trivially satisfied, and the
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ions reach kinetic equilibrium, settling into an independent isothermal halo.

The final equilibrium temperature of the ionic halo is set by aweighted average of the

initial ionic speed distribution. If we assume the ions are initially distributed virially, then

by the virial and equipartition theorems, the temperature as a function of position is

T (r) =
Gmion

3 r
M(r) , (3.4.33)

whereM(r) is the total galactic mass enclosed in radiusr. This gives an average tempera-

ture

T =
1

MG

∫
d3rρG(r) T (r) , (3.4.34)

whereρG andMG are the galactic mass-density and total-mass respectively. The isothermal

ion number density is, therefore

nion(r) = C e−
U(r)

T , (3.4.35)

whereU(r) is the galactic gravitational potential4 andC is a normalization constant5 set by

the global ionized fractionXE.

For benchmark values ofmion = 5GeV andαD = 0.1, the condition in Eq. (3.4.32) is

trivially satisfied and the local ionized fraction becomes

XE(r⊙) ≡
nion(r⊙)

nion(r⊙) + nCDM(r⊙)
∼ 10−3 . (3.4.36)

4For XE ≪ 1, U(r) is approximately independent of the ionized fraction so theresult in Eq. (3.4.36)
varies linearly withXE .

5Since ion velocities do not vary spatially at equilibrium, the kinetic term in the Boltzmann weight has
been absorbed into the normalization.
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Figure 3.3: Plot of both atomic (red, higher) and ionized (blue, lower) mass densities as a
function of distance from the galactic center withmE = mP = 5 GeV and global ionized
fractionXE = 0.1. The three lines corresponding to each distribution are calculated using
best fit and±σ deviations of the virial concentration parameterCv [114] which determines
the inner slope of the Einasto profile. The vertical line atr⊙ = 8.25 kpc marks the local
galactic position. While 1σ variations of the concentration parameter modifies these dis-
tributions by half an order of magnitude, their qualitativebehavior is robust and the ionic
density near the Sun’s galactic position is generically suppressed by orders of magnitude
relative to the globalXE . Similar corrections obtain unders±1σ variation in other CDM
halo inputs (e.g. galactic virial mass – local DM density); the local ionized fraction remains
of orderXE(r⊙) ∼ 10−3.

As the ion-ion scattering thermalizes, transferring heat from the core to the edge, the ions

spread out away from each other to form an independent halo with farther reach than the

atomic CDM distribution. This dramatic local dilution opens up a new region of parameter

space previously thought to be excluded by direct detectionbounds. In Figure 3.3 we plot

the radial profiles for both neutral (atomic) and ionized mass densities.

Although the bullet cluster bounds allow globalXE . 30% [106], to be conservative, we

will only consider values around10% for the remainder of this paper. For larger global val-

ues, the assumptions of this section are not satisfied and, furthermore, DM self-scattering
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constraints seem to rule outXE > 10%. In any case, a dedicated numerical study is neces-

sary to truly characterize the properties of the ionic halo.We also note that, unlike visible

matter, our dark ions do not form a disk because the usual energy loss mechanisms (e.g.

cooling via bremsstrahlung and molecular de-excitation) are either suppressed or unavail-

able.

3.4.2 Direct Detection

In this section we explore the(MA, MAtom, Ehf) parameter space in light of the positive sig-

nals at DAMA and CoGeNT, the constraints from XENON and CMDS,and recent prelim-

inary results from CRESST [107]. We will limit ourselves to portions of parameter space

where the dark matter is primarily in atomic states, though this simplification still leaves

four bound states to contend with: the chargitronia(e, ẽ) and(p, p̃) and the Hydrogen-like

states(e, p) and(ẽ, p̃). In order to predict count rates at the various experiments we need to

know both their cross-sections for scattering from standard model nuclei and their relative

cosmological abundances.

First, we consider scattering rates. For a bound state of theform (A,B) the interaction

Hamiltonian which allows scattering off of standard model nuclei through a dark atomic

hyperfine transition has the following form

Ĥint ∼ QA

~SA · ~q
µnA

FA

(
µAtom

mA

q

)
+QB

~SB · ~q
µnB

FB

(
µAtom

mB

q

)
, (3.4.37)

where theQI are the axial charges of the atomic constituents,µAtom is the atomic reduced
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mass, the~SI are the spin operators for the atomic constituents,~q is the momentum trans-

ferred to the nucleus, themI are the masses of the atomic constituents, theµnI are the

reduced masses between nucleon and atomic constituents andthe functionFI is the form

factor for scattering off atomic constituentI. The scattering rate is then proportional to the

matrix element of this Hamiltonian between initial and finaldark atom - nucleus states. In

particular, the initial atomic state has total spin zero andthe final atomic state is one of the

three possible spin - 1 states. For the chargitronia, the twoterms in Eq. (3.4.37) are identi-

cal, so that interaction Hamiltonian is proportional to thetotal spinof the chargitron. For

this reason, the chargitronium atoms do not scatter from ordinary nuclei at leading order in

couplings. In this regime, all the scattering rates have thesame functional form, but only a

fraction of the total dark matter abundance able to scatter at direct detection experiments.

Given the above argument, it is important to understand the asymptotic value of2Yep, since

the number of atoms able to scatter is proportional to this quantity. Furthermore, the re-

combination rate for bound states is proportional to

α5m
3/2
lite√

µAtom
, (3.4.38)

wheremlite is the mass of the lightest atomic constituent; see our earlier work for details.

This indicates that(p, p̃) recombines most efficiently and(e, ẽ) combines more efficiently

than the Hydrogen-like states. Note, however, that in the limit where all dark matter masses

are equal, the recombination rates are equal. If we considercase where this master recom-

bination rate leaves very few ions around, then the final abundances of each of the four
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bound states will be one quarter of the total dark matter abundance and2Yep = 1/2. For

the remainder of this section we work in the equal mass limit and study the direct detection

parameter space as a function of three parametersMX , Ehf andMAtom.

In Figure 3.4, we find the 90% and 95% favored regions for DAMA and CoGeNT in the

feff, MDM parameter space for four different values of hyperfine splitting and withme fixed

to equalmp; wheref 4
eff ≡ M4

X/(2(gX ǫ cW )2) controls the overall size of the scattering

cross-section,gX is theU(1)X coupling, andcW is the cosine of the weak mixing angle.

We find these regions by scanning overχ2 per degree of freedom, based on the spectra re-

ported in [98] and [75] respectively. In the DAMA case theχ2 is weighted by the reported

uncertainties for each bin, whereas for CoGeNT we use Poisson statistics for the uncer-

tainties. Figure 3.4 also includes constraint lines for XENON10 [96] and the low-threshold

re-analysis of CDMS Ge [95] where we have also used Poisson statistics to define the er-

ror bars. To account for the controversy over the low-threshold behavior ofLeff bin at

XENON, we plot a modified exclusion line which omits the 2 - 5 keV recoil bin entirely.

Any other treatment of the low-threshold behavior of XENON’s detector interpolates be-

tween these two contours. The CDMS exclusion is calculated via aχ2 by taking the 95%

confidence limit of the spectrum reported in [95] and weighting theχ2 with Poisson un-

certainties. We find that this method adequately reproducesthe “vanilla” WIMP exclusion

lines reported by CDMS.

A few comments are in order. First, we see that while increasing the hyperfine splitting
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(b) Ehf = 15 keV

Figure 3.4: DAMA (yellow/green) and CoGeNT (purple/blue) 90% and 95% favored re-
gions with CDMS-II Soudan exclusion lines (red, solid). In (a) we also include the older
XENON 10 bounds [25, 96] using the published low-recoil sensitivity (black, dashed) and
a modified efficiency which omits the lowest bin (black, dotted) to take into account the
uncertainty inLeff . In (b) we use the most recent XENON 10 release [97] which is more
constraining for larger hyperfine splittings. Similar considerations result in two exclu-
sion lines using the published low-threshold sensitivity (black, dashed) and a modified
efficiency (black, dotted) with a 2 keV threshold. The CoGeNTfavored region is not con-
strained by XENON 100 because the low-energy threshold is above the characteristic nu-
clear recoil energies that explain CoGeNT . Both plots assume a local dark matter density
of ρdm = 0.3GeV/cm3, however only(ep) bound states scatter, so the effective density
of scattering particles isρdm/2. Following the discussion in Section 4.1, we neglect the
effects of dark-ion scattering as their local density is highly suppressed.

moves the DAMA and CoGeNT regions closer to one another – as one would expect since

Germanium is a heavier nucleus than Sodium – there is no overlap between the two. As the

hyperfine splitting is pushed to even higher values the CoGeNT allowed region becomes

a very narrow, nearly vertical strip around 6 GeV. We note that variations in the galactic

CDM Halo – especially the escape velocity – as well as known uncertainties in the DAMA

quenching can improve agreement between DAMA and CoGeNT [115]. The regions plot-

ted above are conservative in the sense that they do not take advantage of these variations.

Second, note that the aDM parameter space favored by DAMA is completely ruled out by
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the most recent CDMS analysis and the more constraining XENON exclusion, while the

less aggressive treatment of XENON’s low-threshold behavior does leave some parameter

space for DAMA6. Third, note that increasing the hyperfine splitting does not have much

of an effect on the allowed region for CoGeNT. This is reasonable, given that CDMS puts

the tightest constraints on aDM and both CoGeNT and CDMS bothlook for Ge recoils.

Dark atoms are not ruled out by the low-threshold results of CDMS or XENON, while

light WIMPS apparently are, because the aDM recoil spectrumgoes to zero linearly at low

energies. In contrast, WIMP scattering is exponentially more likely at low recoil.

Finally, there is the matter of CRESST. Since the CRESST detector is made of Calcium

- Tungstate (CaWO4) crystals, and the Oxygen/Tungsten recoils bands are distinguish-

able, CRESST is able to contemporaneously search for light DM scattering and heavy

DM scattering, respectively.Preliminary results suggest that withO(550) kg-days of ex-

posure CRESST sees roughly 23 eventsin the Oxygen band[107]. We find that the regions

preferred by CoGeNT forEhf = 5, 15 keV are consistent at the 90% confidence level, with

the count rate in Oxygen at CRESST. We find that, generically,the DAMA preferred region

predicts a count rate at CRESST which is about four times too large.

6We also point out that the tension between DAMA and CoGeNT is not alleviated by ignoring the shape
of the DAMA spectrum and considering only the net count rate.
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3.5 Discussion

In this article we have studied the rich cosmology and parameter space of atomically bound

dark matter. The abundance of dark atoms can be tied to the baryon asymmetry in which

the decays of heavy sterile neutrinos generate both dark andvisible sector abundances. For

natural couplings to heavy neutrinos, both sectors acquireequal number densities, so the

dark sector mass scale must beO(5GeV) to reproduce the observed DM abundance. Since

the gauge field that binds the dark atoms must be embedded in a non-Abelian group to

avoid a Landau pole below the Planck scale, the dark matter isdivided into four atomic

species whose asymptotic abundances are very sensitive to the dark fine structure constant

and the mass of each binding combination. The ionic species generically interact rapidly

enough to maintain kinetic equilibrium and thereby form a separate, more diffuse halo than

that of the cold atoms.

Our analysis has emphasized the limit where all atomic constituents have equal masses.

By symmetry, the atomic species in this limit comprise equally abundant populations of

“chargitronium.” Because the dark atoms are light comparedto the weak scale, the most

significant constraints on aDM come from the low-threshold reanalyses at CDMS and

XENON10/100. While there is significant tension between DAMA and CoGeNT, the pa-

rameter space favored by the CoGeNT signal – and allowed by null results – predicts a large

signal at CRESST of the right order to explain the excess reported in preliminary results.

There are a number of directions for further study. The cosmology of aDM is intricate and

63



CHAPTER 3. UV COMPLETION: DARK ATOMS

a full numerical study of the parameter space for both the asymmetry and recombination

would be interesting. Furthermore, while it is clear that kinetic equilibrium will lead to a

distinct ionic halo, the details of the aDM phase space distribution can only be determined

through numerical simulations, which require knowledge ofthe initial power spectrum. It

would also be interesting to consider the observational consequences of the ionic halo; for

example, in principle there could be long range dipole-dipole interactions between galactic

halos. For simplicity, the model has an exact parity that prevents dark atom decay. It

would be interesting to consider soft violations of this parity and the potentially observable

consequences. Finally, we have only studied the direct detection parameter space only in

the case of a fully degenerate dark sector. Since both the abundance of atoms and shape

of the direct detection spectrum are sensitive to the massesof the atomic constituents, the

parameter space for more generic combinations is difficult to map. The possibility of better

agreement between the various positive signals and null results makes a more thorough

study valuable.
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Chapter 4

Octotriplets

4.1 Introduction

Scalar fields transforming as octets underSU(3)c, the color group of the strong inter-

actions, have been studied in various contexts. The simplest type of color-octet scalar is

a singlet under theSU(2)W group of the weak interactions, and may be referred to as an

‘octo-singlet’. These lead to pairs of dijet resonances at hadron colliders [116, 117], and

may explain [118] some deviations from the standard model predictions in the3b search

performed by the CDF collaboration [119]. They also enhancethe standard model Higgs

boson production through gluon fusion [120]. Octo-singlets appear as composite particles

due to technicolor [14] and other strong-coupling dynamics[121, 122], or as elementary

particles in 6-dimensional extensions of the standard model [123] and in theories with an

extended color group [118,124].
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Weak-doublet color-octet scalars (i.e., ‘octo-doublets’) differ dramatically from octo-

singlets because the standard model gauge symmetry allows renormalizable couplings of

octo-doublets to the standard quarks [125]. Only if these couplings are highly suppressed

or aligned with the standard model Yukawa couplings can the octo-doublets be light enough

to be produced at the LHC [126]. An octo-doublet field includes four color-octet states: a

charged particle, a neutral one and their antiparticles. The hadron collider signatures of

octo-doublets have been explored in [127,128].

In this paper we study ‘octo-triplets’: real scalar fields that transform in the adjoint

representation,(8, 3, 0), of SU(3)c×SU(2)W ×U(1)Y . An octo-triplet field includes three

color-octet states: a particle of charge +1, its antiparticle, and a neutral real particle. Akin to

octo-singlets, octo-triplets are pair produced at hadron colliders through their couplings to

gluons, and cannot decay into standard model fermions at renormalizable level because the

Yukawa couplings are notSU(2)W × U(1)Y invariant. Unlike octo-singlets, octo-triplets

cannot decay into gluons unless there are additional fields that generate certain dimension-7

operators.

One-loop decays of octo-triplets into a gluon and an electroweak boson are allowed,

leading to interesting collider signatures involving two gluons and two electroweak bosons.

We will show, however, that the rate of these decays is accidentally suppressed by two

orders of magnitude compared to usual 1-loop estimates. Thus, new heavy particles could

induce the dominant octo-triplet decay modes.

In the presence of some vectorlike quark of mass in the TeV range, the charged octo-
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triplet may decay into a pair of standard model quarks, or into aW boson and a pair of

quarks if it is lighter than the top quark. This leads to a variety of collider signatures,

including a dijet resonance, aW boson and two softer jets. If the octo-triplet mass is

in the 150 – 170 GeV range, this signature may explain the4.1σ excess observed by the

CDF Collaboration in the dijet resonance plusW final state [12, 129]1. Some alternative

explanations can be found in [118], [130]- [132]. At the LHC,octo-triplets with much

larger masses (∼1 TeV) may be probed in several final states.

Octo-triplets may be elementary particles (e.g., part of the 75 representation ofSU(5)

grand unification), or may arise as composite ones, for example as fermion-antifermion

bound states [122]. We treat the octo-triplets as point-like particles, which is a good ap-

proximation only when the compositeness scale is substantially higher than the octo-triplet

mass.

In Section 2 we analyze the extension of the standard model byone real octo-triplet

field. Section 3.1 introduces a heavy vectorlike quark whichmediates octo-triplet decays

into standard model quarks. Section 3.2 discusses flavor-changing processes. The Tevatron

phenomenology of charged octo-triplets is explored in sections 3.3 (QCD pair production)

and 3.4 (resonant pair production). The predictions for LHCare discussed in section 3.5.

Our conclusions are summarized in Section 4. In the appendices we present the Feynman

rules for octo-triplets, and then we compute the rates for the 3-body weak decay of the

charged octo-triplet and for the 2-body 1-loop decays of color-octet scalars.

1The D0 search in the same channel [13] has a larger backgroundand less data, so that it might not be
sensitive enough to the signature proposed here.
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4.2 Octo-triplet scalar

We consider the standard model plus an octo-triplet,Θaα, which is a real field of spin 0

transforming as(8, 3, 0) under the standardSU(3)c × SU(2)W × U(1)Y gauge group. We

use indices from the beginning of the Roman and Greek alphabets to label theSU(3)c and

SU(2)W generators, respectively:a, b, c = 1, . . . , 8 andα, β, γ = 0, 1, 2.

4.2.1 Interactions and masses

All interactions of the octo-triplet with standard model gauge bosons are contained in

the kinetic term

1

2
(DµΘ

aα) (DµΘaα) , (4.2.1)

whereµ is a Lorentz index and the covariant derivative is given by

DµΘ
aα=∂µΘ

aα+gsf
abcGb

µΘ
cα+gǫαβγW β

µΘ
aγ . (4.2.2)

Herefabc andǫαβγ are the totally antisymmetric tensors of theSU(3)c andSU(2)W groups,

respectively,gs andg are theSU(3)c×SU(2)W gauge couplings,Ga
µ is the gluon field, and

W α
µ is the weak gauge field. The octo-triplet field includes threeparticles: an electrically-

neutral color-octet real scalarΘa0, a color-octet scalar of electric charge +1,Θa+, and its

antiparticleΘa−:

Θa± =
1√
2

(
Θa1 ∓ iΘa2

)
. (4.2.3)
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When referring informally to the octo-triplet particles weuse theΘ± andΘ0 symbols

without displaying the color indexa.

The kinetic term (4.2.1) includes interactions of theW boson with two octotriplet par-

ticles,

− igW−
µ

[
(∂µΘ

a+)Θa0 −Θa+∂µΘ
a0
]
+H.c. , (4.2.4)

and also with an additional gluon:

2iggsf
abcGµa

(
W+
µ Θ

b− −W−
µ Θ

b+
)
Θc0 . (4.2.5)

Similar interactions involve aZ boson and two octo-triplet particles of the same charge,

with or without an additional gluon. The interactions of like-sign octo-triplets with one

or two gluons (photons) are completely specified by QCD (QED)gauge invariance. The

Feynman rules for octo-triplets are given in Appendix A.

The mass of the octo-triplet arises from two terms in the Lagrangian:

− 1

2

(
M2

0 − λHH
†H
)
ΘaαΘaα , (4.2.6)

whereλH is a real dimensionless parameter. The VEV of the standard model Higgs doublet

H has a valuevH ≃ 174 GeV, so that the mass of the octo-triplet field is

MΘ =
√
M2

0 − λHv2H . (4.2.7)

We requireMΘ > 0 (i.e.,Θaα does not acquire a VEV) in order to preserveSU(3)c gauge

invariance. Note that Higgs searches based on gluon fusion place a limit onλH as a function

of MΘ [120].
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The commutation relations of the Pauli matricesσα imply that other operators con-

tributing to the octo-triplet mass, such as(H†σασβH)ΘaαΘaβ , are either identical to the

last one in Eq. (4.2.6) or vanish. Thus, at tree levelΘ± andΘ0 are degenerate states, having

masses equal toMΘ. At one loop, the electroweak interactions break this degeneracy. The

mass splitting between the charged and neutral octo-triplets is [133]

δM ≡MΘ+ −MΘ0 ≃ 1− cos θW
2 sin2θW

αMW (4.2.8)

up to corrections of order(MW/MΘ)
2. We will see shortly that the octo-triplets have

lifetimes much longer than the QCD scale, so that they hadronize. The lightest physical

states are “octo-hadrons” given by aΘ0 or Θ± bound to gluons or quark-antiquark pairs.

The mass differenceδM between the lightest charged and neutral octo-hadrons is ofthe

same sign and order of magnitude asMΘ+ −MΘ0 , so thatδM ∼ 0.2 GeV.

SU(2)W ×U(1)Y gauge-invariance forbids any renormalizable interactionof the octo-

triplet with standard model fermions. The most general renormalizable Lagrangian (LΘ)

for the octo-triplet scalars is given by the kinetic term (4.2.1), the potential terms quadratic

in Θ given in Eq. (4.2.6), as well as a cubic term and quartic terms:

µΘf
abcǫαβγΘaαΘbβΘcγ − λΘ (ΘaαΘaα)2 , (4.2.9)

whereλΘ > 0 is a dimensionless parameter, and for simplicity we displayonly one quartic

term. The mass parameterµΘ may be positive or negative, but its size should not be larger

thanO(MΘλ
−1/2
Θ ) in order to prevent aΘ VEV. The above cubic term gives the following
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interaction among the charged and neutral octo-triplet particles:

2iµΘf
abcΘa+Θb−Θc0 . (4.2.10)

4.2.2 Collider signals of octo-triplets

In theµΘ → 0 limit, the LagrangianLΘ has an accidentalZ2 symmetry that makes the

lightest octo-triplet (i.e.,Θ0) stable. The charged octo-triplet decays at tree level intoΘ0

and an off-shellW boson. Computing the 3-body width to leading order inδM (Appendix

B) we find

Γ
(
Θ±→Θ0e±ν

)
≃ α2

15π sin4θW

(δM)5

M4
W

. (4.2.11)

Given the small mass splittingδM ∼ 0.2 GeV [see the comment after Eq. (4.2.8)],

the only other relevant decay mode isΘ± → Θ0µ±ν with a decay width further phase-

space suppressed compared to Eq. (4.2.11). Hence, the totaltree-level width ofΘ± is

Γtree(Θ
±) ≃ 1.8 ×10−16 GeV. This 3-body decay width corresponds to a decay length of

1.1 cm.

For µΘ 6= 0, the charged octo-triplet decays into gauge bosons at one loop, withWg

being the only 2-body final state allowed by charge conservation. The diagrams responsible

for this decay are shown in Figure 4.1. The computation of thedecay width described in

Appendix C gives

Γ
(
Θ±→W±g

)
≃ ααsµ

2
Θ

π3 sin2θWMΘ

f(MW/MΘ) , (4.2.12)
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Figure 4.1: Charged octo-triplet decay to aW boson and a gluon.

where the functionf(R) is defined in Eq. (C.8). ForMΘ varying between 150 GeV and 1

TeV, f(R) grows from(4.0− 10.3)× 10−3, corresponding toΓ(Θ±→W±g) in the(4.3−

11.2) × 10−7µ2
Θ/MΘ range. While one might naively expectf(R) to be of order one, this

function is accidentally suppressed:f(0)∝ (π2/9− 1)
2 as shown in Eq. (C.10), while for

larger values ofR, the function decreases further due to phase space suppression.

The neutral octo-triplet also decays at one loop, into a gluon andZ boson or photon,

with partial widths

Γ
(
Θ0→Zg

)
≃ ααsµ

2
Θ

π3 tan2θWMΘ

f(MZ/MΘ) ,

Γ
(
Θ0 → γg

)
≃ ααsµ

2
Θ

π3MΘ
f(0) . (4.2.13)

WhenMΘ varies between 150 GeV and 1 TeV, the branching fraction forΘ0 → γg de-

creases from 53% to 24%. The decayΘ0 → gg does not occur at one loop due toSU(2)W

invariance (this decay requires a dimension-7 operator involving two Higgs fields; further-
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more the(H†H)ΘaαΘaα interaction does not change theSU(2)W indices, so that Higgs

Yukawa couplings must be inserted, which is possible only atthree loops).

At hadron colliders, octo-triplets are copiously pair produced due to their QCD cou-

plings to gluons. The rate forΘ0Θ0 production is the same as for an octo-singlet of same

mass [117, 118], whileΘ+Θ− production is twice as large (additional contributions dueto

photon andZ exchange are negligible). In Figure 4.2 we show the leading orderΘ+Θ−

production cross section at the Tevatron and LHC, computed with MadGraph 5 [176] (with

model files generated by FeynRules [177]) using the CTEQ 6 parton distribution func-

tions [136]. The QCD corrections are not included in this plot; we expect their inclusion to

shift these curves upwards byO(50%).

Note that single octo-triplet production (through diagrams similar to those in Figure

4.1) is negligible because it is suppressed by a loop factor,the weak coupling constant, and

(µΘ/MΘ)
2.

The Θ0Θ0 pair leads to(Zj)(Zj), (γj)(Zj) and (γj)(γj) final states, wherej is a

gluonic jet and the parantheses indicate that the two objects form a resonance of massMΘ.

TheΘ+Θ− pair leads to(W+j)(W−j) final states, unlessµ2
Θ/MΘ . O(10−9) GeV which

leads to a large branching fraction for theΘ± → Θ0e±ν decay. This latter case gives the

same final state as inΘ0Θ0 production because the electron and neutrino are very soft and

most likely do not pass the cuts (even whenΘ± is boosted the electron is not isolated). If

µ2
Θ/MΘ ≃ 4 × 10−10 GeV, then the 2- and 3-body decays ofΘ± have comparable widths,

so that theΘ+Θ− pair leads to(Wj)(Zj) and(Wj)(γj) final states, with the(Zj) and
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Figure 4.2: Leading order cross section for charged octo-triplet pair production at the Teva-
tron (black solid line) and LHC at

√
s = 7TeV (red dashed line) and at

√
s = 14TeV (blue

dotted line).

(γj) vertices originating from displaced vertices.

Let us briefly discuss the(W+j)(W−j) signal at the LHC, where the production cross

section, Figure 4.2, can be very large. This final state is most easily identified when oneW

decays leptonically while the other decays hadronically with an overallW + 4j signature.

TheW decay products reconstructW resonances and can thereby be isolated from the

other jets in the event. These remaining jets can then be grouped alongside the knownW

decay products and used to reconstruct pairs of octo-triplet resonances. Backgrounds to

this signature includeW+ jets production andtt̄ pair-production, the latter of which can

be substantially reduced by anti-b tagging.

Besides nonresonant pair production, octo-triplet scalars may induce resonant signa-

tures at hadron colliders because, like other long-lived colored particles [137, 138], they
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form bound states. If the octo-triplet width is much less than the binding energyEB due to

gluon exchange, then bound states form before either particle decays. This is the case for

all values ofMΘ andµΘ, as the dominant 2-body octo-triplet width given in Eq. (4.2.12)

easily satisfies

Γ(Θ± →W±g) ≪ EB =
9

4
α2
sMΘ , (4.2.14)

For simplicity, we consider only the formation of color-singlet bound statesB; this is the

dominant channel and our qualitative conclusions apply to different color-representations

of bound states.

The bound states annihilate into gauge-boson pairs before either constituent decays.

Bound states of neutral octo-triplets can only annihilate through the processesΘ0Θ0 →

B → gg,W+W−, while the annihilation of bound states of charged octo-triplets yields a

rich variety of vector boson pairs:Θ+Θ−→ B → gg,W+W−, ZZ, γγ, γZ.

Given that the bound-state effects are mainly due to gluon exchange, the production of

theΘ+Θ− bound state is approximately equal to that of octo-singletscomputed in [122]:

for MΘ≈ 150GeV the Tevatron cross section isσ(pp̄→ B) ≃ O(100) fb. Since the width

Γ(Θ± → W±g) is orders of magnitude smaller than the main channel for bound states

Γ(B → gg) ≃ 0.04GeV [122], the annihilation dominates and yields dijet resonances with

invariant massMB = 2MΘ − EB. This cross section is too small to be observed at the

Tevatron.

At the LHC, the bound state production cross-section can be considerably larger. For

MB ∼ 1TeV, the cross section isσ(pp → B) ∼ O(1 pb) [138] at
√
s = 14TeV, which
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might allow the annihilation signal to compete with the QCD background and give an

observable resonance. The electroweak diboson channels are suppressed relative togg, but

give cleaner signals, which contribute to standard Higgs searches.

While the above discussion has been limited to the dominant color-singlet bound state,

octo-triplets can also form bound states in higher color representations with exotic anni-

hilation signatures. For instance, color-octet bound states annihilate into eitherγg or Zg

regardless of whether the bound state comprises charged or neutral scalars.

4.3 Octo-triplet decays via higher-dimensional

operators

Since the octo-triplet widths in Eqs. (4.2.11)-(4.2.12) are tiny, higher-dimensional op-

erators induced at the TeV scale could lead to other decays with substantial branching

fractions.

Dimension-5 operators allow the coupling of an octo-triplet to a pair of standard model

quarks involving a derivative,

cij
mψ

ΘaαQ
i

L T
a σ

α

2
γµDµQ

j
L +H.c. , (4.3.1)

or in the presence of the Higgs doublet,

ΘaαQ
i

LT
aσ

α

2

(
c′ij
mψ

H̃ujR +
c′′ij
mψ

HdjR

)
. (4.3.2)
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Qi
L, ujR anddjR are the quark fields in the gauge eigenstate basis;i, j = 1, 2, 3 label the

fermion generation;σα is a Pauli matrix;mψ is the mass of some heavy field that has been

integrated out; andcij , c′ij andc′′ij are dimensionless coefficients. Using the field equations,

one can replace the last operator, with coefficientc′′ij, by a linear transformation (involving

the standard model Yukawa couplings) of thecij andc′ij coefficients.

4.3.1 Octo-triplet plus a vectorlike quark

The dimension-5 operators (4.3.1) and (4.3.2) can be induced, for example, by a heavy

vectorlike quarkΨ that transforms as(3, 2, 1/6) underSU(3)c×SU(2)W ×U(1)Y , i.e. the

same way as SM quark doubletsQi
L. Renormalizable interactions ofΨwith the octo-triplet,

LΘΨ = ΘaαΨR T
aσ

α

2

(
ηiQ

i
L + ηψΨL

)
+H.c. , (4.3.3)

and with the Higgs doublet,

LHΨ = ΨL

(
λui Hu

i
R + λdi H̃d

i
R

)
, (4.3.4)

are allowed. Hereηi, ηψ, λui andλdi are dimensionless couplings and̃H = iσ2H†. Gauge-

invariant fermion mass terms are also allowed:

−mψΨLΨR − µiQ
i

LΨR +H.c. (4.3.5)

Formψ ≫ MΘ, theΨ fermion can be integrated out, giving rise to the operators (4.3.1)

through theLΘΨ interactions, and to the operators (4.3.2) through a combination ofLΘΨ

andLHΨ interactions.
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Figure 3: Charged octo-triplet decay to quarks inFigure 4.3: Charged octo-triplet decay to quarks in the presence of a vectorlike quark
doubletΨ = (Ψu,Ψd). The mass mixing ofΨ with the standard model quarks is depicted
by ×. Similar diagrams lead to the decay of the neutralΘ0 scalar into quark pairs.

Let us assume for simplicity thatλui andλdi are negligible, and that the mass mixing

parameters satisfyµi ≪ mψ. In this case the coefficientscij can be computed in the mass

insertion approximation:

c ij = −i η
∗
i µj
mψ

. (4.3.6)

These are the coefficients at the scalemψ; running down frommψ toMΘ may changec ij

atMΘ by anO(1) factor, which we can absorb into the definition ofηi.

Using the quark field equations, we find that Eq. (4.3.1) contains the following interac-

tions betweenΘ+ and the mass-eigenstate quark fieldsU i andDj:

−i√
2mψ

Θa+ U
i
T a
[
(C VKM)ijmdjPR − mui

(
C† VKM

)
ij
PL

]
Dj +H.c. (4.3.7)

whereVKM is the CKM matrix, andmui,mdi are the physical masses for the quarks of the

ith generation. The3× 3 matrixC is given by

C = V †
uL
c VuL , (4.3.8)

wherec is the matrix whose elements are given in Eq. (4.3.6), andVuL is the matrix that
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transforms the left-handed up-type quarks from the mass eigenstates to the gauge eigen-

states,u = VuLU .

Based on interactions (4.3.7) we find that the width for the decay of the charged octo-

triplet into a quark pair is

Γ(Θ+ → c s̄) ≃ m2
c +m2

s

64 πm2
ψ

|C22|2MΘ , (4.3.9)

where we have omittedO(m4
q) terms and off-diagonal CKM elements, and have not in-

cluded QCD corrections. Taking the charm quark massmc = 1.3 GeV gives

Γ(Θ+→ c s̄) ≃ 1.3× 10−6 GeV |C22|2
(

MΘ

150GeV

)(
1TeV
mψ

)2
. (4.3.10)

Compared with the decay intoWg computed in Eq. (4.2.12), the aboveΘ+ decay into a

pair of jets can easily dominate. For example, forMΘ = 150 GeV,µΘ = 1 GeV,C22 = 0.1,

andmψ = 1.1 TeV, we findΓ(Θ+→ c s̄) ≃ 3.7 Γ(Θ+→W g).

The width for the decay intoc b̄ is sensitive to differentCij parameters:

Γ(Θ+→ c b̄)

Γ(Θ+→ c s̄)
≃ 1

|C22|2
(
m2
b

m2
c

|C23|2 + |C32|2
)
, (4.3.11)

wheremb ≈ 4.2 GeV is theb quark mass.

If MΘ > mt +mb, the decay involving a top quark opens up:

Γ(Θ+→ tb̄) ≃ 2.2×10−2 GeV |C33|2
(
1− m2

t

M2
Θ

)2(
MΘ

150GeV

)(
1TeV
mψ

)2
, (4.3.12)

where we have setmt = 173 GeV and ignoredm2
b terms. Due to anm2

t/m
2
c enhancement

compared to Eq. (4.3.9), this decay dominates unless|C33| < 10−2|C22|. The decayΘ+→

ts̄ has the same width except for theC33 → C23 replacement.

79



CHAPTER 4. OCTOTRIPLETS

Similar expressions give the 2-body widths for the neutral octo-triplet decaying tocc̄,

bb̄, or top pairs ifMΘ > 2mt.

Them2
t/m

2
c enhancement in Eq. (4.3.12) is so large that even forMΘ < mt +mb the

3-body decay through an off-shell top quark,Θ+→ W+b b̄, needs to be taken into account.

Its width is

Γ(Θ+→W+bb̄) =
α |C33|2m4

t

64π2 sin2θW m2
ψ

F(MΘ) . (4.3.13)

The the functionF , of mass dimension−1, is given by integrating the matrix element over

phase space:

F(MΘ) =

∫ E0

0

dE b̄

∫ Emax
b

E0−E b̄

dEb
Eb+ (E0−E b̄)

[
2MΘ

M2
W

(E0−Eb)−1
]

(M2
Θ − 2MΘE b̄ −m2

t +m2
b)

2 +m2
tΓ

2
t

, s(4.3.14)

whereE0 is the maximum energy of thēb or b jet,

E0 =
M2

Θ−M2
W

2MΘ
, (4.3.15)

andEmax
b is the maximumb energy for a fixed̄b energyE b̄,

Emax
b =

E0−E b̄

1− 2E b̄/MΘ

. (4.3.16)

In Eq. (4.3.14) we neglectedmb everywhere (which is a good approximation form2
b ≪ E2

0 )

with the exception of the denominator where them2
b term becomes important forMΘ near

the 2-body threshold,mt +mb. To cover that case we also included the top quark width,

Γt ≈ 1.3 GeV, in the propagator. Numerically, the 3-body width can bewritten as

Γ(Θ+→W+bb̄) ≃ 2.9× 10−6 GeV |C33|2

× F(MΘ)

F(150 GeV)

(
1TeV
mψ

)2

. (4.3.17)
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The ratioF(MΘ)/F(150 GeV) is given by 1.51 forMΘ = 155 GeV, and by 2.28 for

MΘ = 160 GeV.

It is remarkable that the above 3-body decay through a virtual top quark has a width

close to that for the 2-body decay intocs̄, given in Eq. (4.3.10). Assuming for illustration

that |C23|, |C32| ≪ |C22| = |C33| we find that the branching fraction intoWbb̄ is 69, 76,

82% forMΘ = 150, 155, 160 GeV, respectively.

Finally, the decayΘ+→Wbs̄, of width

Γ(Θ+→W+bs̄) ≈ |C23|2
|C33|2

Γ(Θ+→W+bb̄) , (4.3.18)

may also have a substantial branching fraction if theC23 parameter is large. In that

case, though, the main competing channel is likely to beΘ+→ c b̄, as can be seen from

Eq. (4.3.11).

4.3.2 Bs − B̄s mixing

Since Ψ has flavor-dependent couplings, its interactions can contribute to flavor-

changing neutral processes. The largest couplings are to the 3rd and perhaps 2nd generation

quarks, so that we expect that the most prominent effect is inBs−Bs meson mixing. This

proceeds through the tree-level diagram in Figure 4.4. Integrating outΘ andΨ generates

the effective four-Fermi operator

LBs−Bs
=

(
C23mb

2MΘmψ

)2(
bR T

asL
)2

+H.c. (4.3.19)
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Figure 4.4: Leading contribution toBs − Bs mixing throughΨ andΘ interactions. Other
diagrams differ only by the placement ofΨRQL mass insertions, and are suppressed by
additional powers ofms.

Here we have used the fermion field equations and ignored terms suppressed by factors of

ms/mb.

The matrix element of the Hamiltonian due toΘ0 exchange is

〈
Bs|HΘ|Bs

〉
≃
(

C23

MΘmψ

)2
M4

Bs
f 2
Bs
ηQCD

5B2 + 3B3

288
,

(4.3.20)

whereMBs
andfBs

= (231 ± 15)MeV [139] are theBs meson mass and decay constant

respectively;ηQCD ≃ 1.7 is the QCD correction for the operator in Eq. (4.3.19) due to

running from the scaleMΘ down toMBs
[140]; B2 ≃ 0.80 andB3 ≃ 0.93 are lattice

“bag” parameters [141] for the singlet-singlet and octet-octet color structures arising from

operator (4.3.19), respectively.

It is convenient to parametrize the contribution toBs mixing from Θ0 relative to the

standard model one as

〈
Bs|HSM +HΘ|Bs

〉
〈
Bs|HSM |Bs

〉 ≡ CBs
e−iφs , (4.3.21)
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whereCBs
is a positive parameter and−π < φs < π is a phase. The standard model

contribution can be extracted from the estimate given in [142,143]:

〈
Bs|HSM |Bs

〉
≈
(
8.0×10−6 GeV

)2
(1± 0.15) .

(4.3.22)

The 15% theoretical uncertainty shown above loosens the constraint onCBs
set by the

measuredBs mass difference:CBs
≈ 0.98 ± 0.15. Comparing Eqs. (4.3.20) and (4.3.21)

we find

mψ = 1.1 TeV× |C23|
(
150GeV
MΘ

)(
C2
Bs
+1−2CBs

cos φs
)−1/4

, (4.3.23)

and a less illuminating expression ofφs in terms of the phase ofC23. ForMΘ = 150 GeV,

C23 = 0.2, CBs
= 0.9, and a small CP-violating phaseφs = −5◦, we getmψ = 568 GeV.

However, if the phase is large, as suggested by the D0 like-sign dimuon asymmetry [144],

thenmψ is below the electroweak scale; for exampleφs = −45◦ givesmψ = 260 GeV.

Such a light vector-like quark is not ruled out. Note that themain decay mode is likely to

beΨd → Θ+c̄ → (cs̄)c̄, so thatΨ pair production leads to a 6-jet final state. The CDF

search [145] in a similar channel gives a lower limit on the3j resonance mass below 200

GeV.

This model also contributes tob → sγ decays at the 1-loop level. Since these dia-

grams involve two mass insertions and suffer additional loop suppression, we expect their

contributions to be small.
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Figure 4.5: Representative diagram for pair production of charged octo-triplets through
gluon fusion with a(jj)(Wbb̄) final state. The• symbol denotes dimension-5 operators
induced by theΨ fermion. Similar diagrams lead to4j, (W+bb̄)(W−bb̄),(W+bs̄)(jj), or
(jb)(Wbb̄) final states.

4.3.3 Dijet resonance plus a W boson at the Tevatron

Pair production of octo-triplets, through their QCD couplings to gluons, gives rather

large cross sections at the Tevatron, as shown in Figure 4.2.In the presence of the vectorlike

quarkΨ and assuming that the trilinear couplingµΘ is small enough (see section 3.1), the

main decay modes ofΘ+ are into a pair of jets (cb̄ or cs̄) and intoWbb̄ (Wbs̄ is also possible,

but at least oneb quark is always present due to the decay through the off-shell top quark).

One of the final states (see Figure 4.5) arising fromΘ+Θ− production is then(jj)(Wbb̄),

wherej is any jet and the parantheses indicate a resonance atMΘ. The branching fractions

depend on the|C22| and|C33| parameters, and are also quite sensitive toMΘ, as discussed

at the end of section 3.1. We expect that next-to-leading order QCD corrections to this

process, which affect both production and decays, increasethe rate by aK factor in the

1− 1.5 range.
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Figure 4.6: PartonicpT distributions for the quarks arising from theΘ+Θ− → (cs̄)(W−bb̄)
process (see Figure 4.5) withMΘ = 155 GeV. Thec or s̄ distribution (black solid line)
peaks at higherpT and has a longer tail than theb andb̄ distributions (blue dotted and red
dashed lines).

The two b jets arising from the decay through an off-shell top quark typically have

energies below(MΘ−MW )/2−mb, so are softer than those arising from the 2-body decay,

which typically have energies aroundMΘ/2. Figure 4.6 shows the transverse momentum

of each quark in the(cs̄)(Wbb̄) final state forMΘ = 155 GeV, computed with MadGraph

5 [176] with model files generated by FeynRules [177]. Given that the quarks from the

2-body decay have the highestpT , the invariant mass distribution of the two leading jets

from thepp̄→Θ+Θ−→ (jj)(Wbb̄) process exhibits a peak nearMΘ.

In order to compare this signal with the CDF dijet excess [12], we generate partonic

events using MadGraph 5 for thepp̄→ Θ+Θ−→ (jj)(Wbb̄) process withW→ eν, µν, τν.

We then use PYTHIA 6.4 [178] for hadronization and parton showering, and PGS 4 [179]
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for detector-level effects. We impose2 the same cuts as CDF [12]: leptonpℓT > 20 GeV and

|ηℓ| < 1, missing transverse energy6ET > 25 GeV, transverseW massMT (W ) > 30 GeV,

jetpjT > 30GeV and|ηj| < 2.4, separation between jets|∆ηjj| < 2.5, azimuthal separation

between the missingET and the leading jet|∆φ| > 0.4, andpTjj ≥ 40 GeV for the leading

dijet system. The resulting dijet invariant mass (mjj) distribution for events with exactly

2 jets is shown in Figure 4.7 (solid red line) forMΘ = 155 GeV and a branching fraction

B3 ≡ B(Θ+→ W+bb̄) = 40%. The rate for this process (before cuts and without including

theW → ℓν branching fraction) is

2B3(1− B3) σ
(
pp̄→ Θ+Θ−

)
≃ 3.2 pb , (4.3.24)

where the factor of 2 takes into account the charge conjugated process with aW− in the

final state. The acceptance of the cuts is 6.2%, so that in 7.3 fb−1 of data there are about

470Wjj events due toΘ+Θ− production. The high-mass tail of themjj distribution is

mainly due to events in which the two hardest jets come from different octo-triplets.

To compare our simulatedmjj with the CDF data shown in Figure 2 (left-side plot)

of [129] we need to subtract all standard model background. The CDF Collaboration has

fitted the normalization of the large CDFWjj background to the data assuming a Gaussian

shape for the signal. In the presence of the wider shape arising from ourΘ+Θ− signal the

Wjj background normalization is likely to change; increasing it by 1% gives a reasonable

agreement between ourmjj and the CDF data after background subtraction (Figure 4.7).

If theK factor accounting for the QCD corrections is significantly larger than 1.0, then

2We impose cuts on the PGS output using a modified version of theChameleon package [148].
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Figure 4.7: Invariant mass distribution for the leading twojets arising from theΘ+Θ− →
(jj)(Wbb̄) → ℓν + 4j process, whereℓ = e, µ, at the Tevatron with exactly 2 jets passing
the cuts. The red solid line represents events in our simulation forB(Θ±→W±bb̄) = 40%
andMΘ = 155 GeV. The data points with1σ statistical error bars are taken from the
CDF excess region (Fig. 2 of [129]) after the background (includingWW/WZ) has been
subtracted, with the normalization of the CDFWjj background increased by 1%.

B3 should be decreased while keeping the rate in Eq. (4.3.24) fixed. The highest data

point, in the152 − 160 GeV bin could indicate thatMΘ values larger than 155 GeV are

preferred. However, the jet reconstruction performed by our PGS simulation is likely to

be less efficient than the CDF reconstruction, so that a larger fraction of the hadrons is

missed, reducing the jet energy. Thus, the dijet mass distribution in Figure 4.7 is likely to

be artificially shifted to lowermjj compared to the data, implying that masses even below

155 GeV may be acceptable. ForMΘ = 150 GeV the cross section is larger by a factor of

1.24, so that an acceptable fit is obtained for a smallerB3 ≈ 26%.

The D0 search [13] in the same channel with 4.3 fb−1 has ruled out a 1.9 pb signal at the

95% confidence level, based on the assumptions that the dijetresonanceX has a Gaussian
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Figure 4.8: Same as Figure 4.7 except that two or more jets pass the cuts. The data points
with error bars are taken from the CDF excess region (Fig. 5 of[129]) after background
subtraction with the CDFWjj background normalization reduced by 3%.

shape with a width of 15.7 GeV and is produced like the Higgs boson,pp̄→ W ∗ → WX,

through a virtualW . Clearly, neither of these assumptions applies to our explanation for

the CDF excess. The shape of our dijet invariant mass distribution is quite different than a

Gaussian: it has a high tail below the peak due to final state radiation, and it has a long tail

above the peak due to the two additional jets fromΘ decay. The different shape is important

because the fit of the background plus signal could improve significantly in the presence of

our flatter signal shape compared to the pointy Gaussian. Theproduction throughΘ+Θ−

is also very different than throughWX, and leads to a different acceptance. Hence, the D0

result cannot rule out ourWjj signal.

The requirement in the exclusiveWjj search [12] that exactly two jets pass the cuts

rejects events arising fromΘ+Θ− production where one of theb jets haspjT > 30 GeV.
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These events, however, show up in the inclusiveWjj search (Fig. 5 of [129]) where two

or more jets pass the cuts. The normalization of the largeWjj background is fitted to the

data independently in the exclusive and inclusive cases. The additional events mentioned

above require the normalization of the CDF inclusiveWjj background to be reduced.

Figure 4.8 shows that the QCD production ofΘ+Θ− gives aW + n jet signal withn ≥ 2

that is consistent with the CDF data when the normalization of the CDF inclusiveWjj

background is reduced by 3%.

There are a few experimental tests of this interpretation ofthe CDF excess. Even though

the twob jets are relatively soft, the fraction of events that have a 3rd jet that passes all the

cuts is large enough to allow theb tagging of the 3rd hardest jet. Furthermore, the additional

two b jets allow the reconstruction of the full event. One complication here is that there is

a large background from semileptonictt̄ events. Nevertheless, the signal has the property

that the reconstructedW boson together with the twob jets form an invariant mass peak at

MΘ, so that it can be separated from the background.

Another test is the process where both octo-triplets decay through an off-shellt quark,

pp̄→ Θ+Θ− → (W+bb̄)(W−bb̄). The rate for this is smaller by a factor of2(1/B3−1) ≈ 3

than for the(jj)(Wbb̄) signal. Although this signal also suffers from a largett̄ background,

it may be observable due to its relatively large rate of∼ 1 pb at the Tevatron.

Given that theW boson in the(jj)(Wbb̄) signal originates from a decay through an

off-shell top quark, there is no similar signal involving aZ boson or a photon.

The processΘ+Θ− → (Wbb̄)(jj) may affect measurements of thett̄ cross section.
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However, these measurements often rely on algorithms trained specifically to find top pairs

and are, thus, less sensitive to new particles that decay into similar final states. Teva-

tron measurements involvingb-tags [149] may be sensitive to octo-triplet decays, but their

W -plus-jets background normalization is fitted to the data sothat they do not necessarily

constrain octo-triplet decays. Furthermore,b-tagging efficiency decreases for softer jets

such as ourb andb̄ (see Figure 4.6).

Nevertheless, there are some measurements without neural networks or b-tags of thett̄

cross section in the lepton-plus-jets channel at the LHC [150], so these constraints must be

checked more carefully. Simulating octo-triplet production with MadGraph, PYTHIA , and

PGS and imposing cuts from both the ATLAS and CMS collaborations [150], we find that,

for B3 = 40% andMΘ = 155 GeV, the octo-triplet contribution to events with 3 or more

jets is within the statistical error bars at95% confidence. This approach is conservative

and takes the ATLAS and CMS background simulations and extracted tt̄ signal at face

value; since these measurements are not dedicated new-physics searches, potential octo-

triplet decays would be bundled with thett̄ signal, which would make the statistical bound

unrealistically constraining.

4.3.4 Resonant production of Θ+Θ−

A mass near 150 GeV also appears in another deviation from thestandard model: pre-

liminary CDF data in the3b final state shows an excess in the invariant mass distribution

of the leading two jets [119]. That deviation may arise from theΘ0Θ0 → (bb̄)(bb̄) pro-
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Figure 4.9: Same as Figure 4.5 except the pair of octo-triplets is resonantly produced
through ans-channel coloron.

cess [118]. The transverse energy distributions of the jetsin that case appear to favor a pair

production mechanism through ans-channel resonance rather than through QCD. The sim-

ple renormalizable coloron model presented in [118] can be easily adapted to include the

octo-triplet discussed here. It is sufficient to charge the scalar fieldΣ (responsible for break-

ing theSU(3)× SU(3) extension of the QCD gauge group [173]) underSU(2)× U(1)Y ,

as proposed in [170]. The color-octet scalars present in thespectrum can be identified with

our Θ± andΘ0 (although a small mass splitting can be induced by the Higgs VEV), and

they couple to the coloron fieldG′
µ as follows

gs
1−tan2 θ

2 tan θ
fabcG′a

µ

[(
Θb+∂µΘc−+H.c.

)

+Θb0∂µΘc0
]
. (4.3.25)

Heretan θ is a parameter in the0.1−0.3 range. The coloron couples to quarks proportional

to gs tan θ, while it couples only in pairs to gluons at renormalizable level [117]. Thus,

singleG′
µ production proceeds entirely through quark-antiquark collisions.
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Figure 4.10: Same as Figure 4.7 except that a coloron contributes in thes-channel toΘ+Θ−

production. The blue solid line represents events in our simulation forB(Θ±→ W±bb̄) =
3.9%,MΘ+ = 160 GeV,MG′ = 340 GeV,tan θ = 0.15 andΓG′ = 6.5 GeV.

The resonantpp̄ → G′
µ → Θ+Θ− production (Figure 4.9) may be an order of mag-

nitude larger than QCD pair production [118]. This theory preserves the good agreement

with the CDF data shown in Figure 4.7 provided the branching fractionB3 is decreased

accordingly. The width of the coloronΓG′ is sensitive totan θ and to the octet masses. As-

suming that the coloron decays only intoqq̄, Θ+Θ− andΘ0Θ0 (additional decay channels

may increase the width [118]), we findΓG′ in the 3.2 − 6.5 GeV range forMΘ+ = 160

GeV,tan θ = 0.15, a coloron massMG′ = 340 GeV, andMΘ0 in the160−140 GeV range.

For this set of parameters withΓG′ = 6.5 GeV we generate events as described in section

3.3. The invariant mass distribution of the leading two jetsis shown in Figure 4.10 for a

rate

2B3(1− B3) σ
(
pp̄→ G′→ Θ+Θ−

)
≃ 3.8 pb . (4.3.26)
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Figure 4.11: Same as Figure 4.10 except that two or more jets pass the cuts. The CDF data
points are taken from Fig. 5 of [129] after background subtraction with the normalization
of the CDFWjj background reduced by 5%.

Acceptance (without includingW branching fractions) is 7.3% for this process. The

branching fraction inferred from the above rate is small,B3 = 3.9%, implying that the

coloronΘ+Θ− production dominates by an order of magnitude over the QCDΘ+Θ− con-

tribution. Nevertheless, we include in Figure 4.10 both production mechanisms and their

interference, as well as the electroweakΘ+Θ− production.

Figure 4.11 shows themjj distribution in the inclusive case (W plus two or more jets),

with the normalization of the CDFWjj background reduced by 5%. The subtracted data

is consistently higher than the signal in themjj ≈ 170 − 240 GeV range, so one could

conclude that the QCD production mechanism (see Figure 4.8)provides a better description

of the CDF data. However, next-to-leading order effects arenot included in these figures,

and it is conceivable that they sufficiently raise the high-mass tail of the resonant production
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Figure 4.12: pT distribution of the dijet system for events satisfying115 GeV ≤ mjj ≤
175 GeV. The blue solid line is for a coloron with the same parameters as in Figure 4.10,
while the red dashed line is for QCDΘ+Θ− production withMΘ+ = 155 GeV. The CDF
data points with statistical error bars are taken from Fig. K9 of [153] after background
subtraction consistent with Fig. 4.7.
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Figure 4.13: Same as Figure 4.12 for the angular separation∆Rjj of the two leading jets
(CDF data taken from Fig. K7 of [153]).
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shown in Figure 4.11. Furthermore, the CDF result for the inclusive case (Fig. 5 of [129])

does not include systematic errors. We also emphasize that our detector simulation using

PGS 4 [179] is only a rough approximation to the CDF full detector simulation.

A better discriminant between the resonant and QCD production mechanisms is pro-

vided by the CDF kinematic distributions [153] for the exclusive search in themjj ≈

115−175 GeV window. The transverse momentum distribution of the dijet system (Figure

4.12) shows that resonant production fits the data much better than QCDΘ+Θ− produc-

tion. We reach the same conclusion using the∆Rjj distribution of the angular separation

between the two jets (Figure 4.13). Although some of the datapoints are not well fitted (the

pTjj = 72− 80 GeV bin and the∆Rjj = 3.2− 3.4 bin) by our theoretical predictions, the

shapes of both thepTjj and∆Rjj distributions are in remarkable agreement. In both Fig-

ures 4.12 and 4.13 we use the same background subtraction as in Figure 4.7, where only one

background (Wjj with combined electron and muon contributions) is rescaled(increased

by 1%). We expect that a fit of the standard model background plus our signal, where vari-

ous background normalizations are allowed to vary, would improve the agreement between

Θ+Θ− production and the CDFWjj excess.

4.3.5 LHC Signals

QCDΘ+Θ− production, which proceeds through gluon-gluon collisions, is two orders

of magnitude larger at the 7 TeV LHC than at the Tevatron (see Figure 4.2), so that the

(jj)(Wbb̄) signal discussed in section 3.3 will soon be within the reachof the CMS and

95



CHAPTER 4. OCTOTRIPLETS

ATLAS experiments. Using typical parameters that explain the CDF dijet resonance,B3 =

40% andMΘ = 155 GeV, we find that the process in Figure 4.5 has a leading-orderrate

(before cuts) of

σ
(
pp→ Θ+Θ−→ (jj)(ℓνbb̄)

)
≃ 52 pb , (4.3.27)

whereℓ = e, µ. Furthermore, the(W+bb̄)(W−bb̄) process also has a large rate, sup-

pressed only by a factor of2(1/B3 − 1) ≈ 3 compared to(jj)(Wbb̄), so the fully leptonic

(ℓ+νbb̄)(ℓ−ν̄bb̄) signal has a cross section of 3.7 pb and will also be soon within the reach

of the LHC.

In the non-minimal model (section 3.4 and Figure 4.9) where resonantG′
µ → Θ+Θ−

production is the main process responsible for the CDF excess, the(jj)(ℓνbb̄) rate at the

7 TeV LHC is reduced by a factor of∼ 5 compared to Eq. (4.3.27), due to smaller parton

distributions for quark-antiquark collissions:

σ
(
pp→ G′→ Θ+Θ−→ (jj)(ℓνbb̄)

)
≃ 10 pb . (4.3.28)

Although QCDΘ+Θ− production is still present in the coloron model, explaining the CDF

signal requires a 10 times smallerB3 branching fraction, which reduces the gluon initi-

ated contribution to the(jj)(Wbb̄) signal. The smallerB3 ≈ 3.9% also suppresses the

(W+bb̄)(W−bb̄) signal in this model (the rate is 43 fb).

While our analysis has emphasized the region aroundMΘ = 150 GeV, future searches

could discover much heavier octo-triplets which decay intofinal states involving top

quarks. For non-negligible values of theC33 parameter, the processesΘ+Θ− → (tb̄)(t̄b)
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andΘ0Θ0 → 4t are important tests of the octo-triplet decaying through higher-dimensional

operators (these final states have been studied in [128]).

4.4 Conclusions

We have shown that the renormalizable extension of the standard model with one octo-

triplet (i.e., a scalar in the adjoint representation of the standard model gauge group) in-

volves two new parameters: the octo-triplet massMΘ and cubic self-couplingµΘ. For

µ2
Θ/MΘ ≫ 10−9 GeV the charged octo-triplet almost always decays intoWg in the ab-

sence of other new particles. The rate for this 1-loop process is accidentally suppressed

(see Appendix C), but the decay is prompt as long asµ2
Θ/MΘ & 10−7 GeV. The neutral

octo-triplet decays toZg or γg, with widths comparable to that forΘ± → W±g. For

µΘ → 0, the main decay is a tree-level 3-body process,Θ± → Θ0e±ν, with a displaced

vertex, whileΘ0 is stable.

At the Tevatron and the LHC, octo-triplets are produced in pairs with relatively large

cross sections (see Figure 2). The main signatures are

Θ+Θ− → (W+g)(W−g) , (4.4.1)

Θ0Θ0 → (Zg)(Zg) , (Zg)(γg) , (γg)(γg) .

The rates for these processes suggest that Tevatron experiments can be sensitive toMΘ up

to a few hundred GeV, and LHC experiments toMΘ above 1 TeV; however, more precise

sensitivity estimates require detailed studies of the backgrounds.
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Since octo-triplets have very small widths, decays throughhigher-dimensional opera-

tors may compete with the 1-loop processes. Operators of thetypeΘQ/∂Q may be induced

by a heavy vectorlike quark, and lead to theΘ+ → tb̄ decay forMΘ & 175 GeV. For

a lighter octo-triplet, there is competition between the 2-body decaysΘ+→ cs̄ or cb̄ and

the 3-body decaysΘ+→ t∗b̄→Wbb̄ or t∗s̄→Wbs̄ through an off-shell top quark. The

neutral octo-triplet decays mainly tobb̄, cc̄, W+bc̄ andW−b̄c for MΘ . mt + mc, to tc̄

and t̄c for larger masses below2mt, and tott̄ for masses above2mt. For a range of pa-

rameters, the branching fractions for these decays are larger than the ones into a gluon plus

an electroweak boson mentioned above. The collider signatures forMΘ . 175 GeV then

include

Θ+Θ−→ (jc)(Wbb̄) , (bc)(Wbb̄) , (W+bb̄)(W−bb̄) , (jc)(jc̄) , (jb)(jb̄) , ... ,

Θ0Θ0 → (bb̄)(bb̄) , (bb̄)(cc̄) , (bb̄)(Wbc) , ... , (4.4.2)

For a heavier octo-triplet the signatures are mainly(tb̄)(t̄b) and(tc̄)(t̄c), while above 350

GeV the4t final state also opens up.

Signatures of pair production followed by one octo-tripletdecaying through higher-

dimensional operators and the other decaying into a gluon and an electroweak gauge boson

at one loop are also possible. These includeΘ+Θ−→ (Wg)(jc), Θ0Θ0 → (Zg)(cc̄) or

(γg)(cc̄) and similar processes involvingb quarks (ort quarks if kinematically allowed).

Some of the final states mentioned above, namely(jc)(Wbb̄), (jc)(Wbj), (jc)(Wg),

may be relevant to the CDF excess [12] in the dijet resonance plus W search. In the

case whereΘ+ decays mostly intocs̄ andW+bb̄, so that the process ispp̄ → Θ+Θ− →
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(cj)(Wbb̄), we have shown that theb jets are substantially softer than the jets originating

from theΘ+ → cs̄ decay. Events where theseb jets do not pass the CDF cuts could explain

the dijet resonance plusW signal ifΘ has a mass in the150− 170 GeV range.

We have compared two production mechanisms of charged octo-triplet pairs: through

the QCD couplings to gluons (these are always present due to gauge invariance), and

through ans-channel resonance (we have focused on a coloron, but aZ ′ coupled to octo-

triplets would not be very different). Both mechanisms are consistent with the CDF excess

in the dijet invariant mass distribution when exactly two jets are required to pass the cuts.

In the inclusive case (two or more jets pass the cuts), QCDΘ+Θ− production fits the CDF

data more precisely than resonant production. However, this difference is not conclusive

given that the low tail of the resonant production compared to the background-subtracted

data may be due to systematic errors in the standard model background, and may also

be corrected by a fit of the background (with several free normalizations, as usual) plus

coloron signal. Other kinematic distributions obtained byCDF [153] can differentiate var-

ious models more effectively. We have shown that the shapes of the transverse momentum

distribution for the dijet system (pTjj) and of the angular separation distribution for the

two leading jets (∆Rjj) agree rather well with the resonant mechanism while being quite

different than the predictions of QCDΘ+Θ− production.

It is intriguing that almost the same mass (∼ 150 GeV) appears in another deviation

from the standard model, namely the3b CDF search [119], which could be attributed to the

Θ0Θ0 → (bb̄)(bb̄) process [118]. Resonant production through a coloron also agrees better
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to various kinematic distributions in that case.

The interpretation of the dijet plusW signal in terms of an octo-triplet decaying via an

off-shell top quark can be tested by theb-tagging of the third jet, or by the reconstruction

of theWbb̄ peak at the same mass as the dijet peak.

At the 7 TeV LHC, if octo-triplet production is through the QCD couplings to gluons,

then the dijet-plus-W signal has a large cross section (52 pb forMΘ+ = 155 GeV) because

it is dominated by gluon fusion. In the case of dominant production through ans-channel

resonance coupled toqq̄ like the coloron, the LHC signal is reduced to∼ 10 pb.

If the couplings of the vectorlike quark are complex, then tree-levelΘ0 exchange in-

duces CP violation inBs − B̄s mixing. For a vectorlike quark mass of a few hundred

GeV (which is allowed because its main decay is into three jets), this effect can be large

enough to produce a significant part of the like-sign dimuon asymmetry observed by the

D0 Collaboration [144].

We note that similar final states can also arise from a fermiophobic octo-doublet field.

However, this has nontrivial couplings to the standard model Higgs doublet, so the mass

splitting between charged and neutral components may be large. By contrast, the tiny mass

splitting between charged and neutral octo-triplets suppresses the tree-level 3-body decays.

Furthermore, the neutral octo-doublet decays into gluons,whileSU(2)W symmetry forbids

pure gluonic decays of the neutral octo-triplet.
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Appendix A: Feynman Rules

The Feynman rules for octo-triplets, derived from Eqs. (4.2.1)-(4.2.5), are given by:

!
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b
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c

= 2µΘf
abc

##"
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q
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µ Θ
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b

Θ
+
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= −2gsgf
abcgµν
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ab(p− q)µ

The Feynman rules involving photons are identical to those involving aZ boson shown

above but with the replacementg cos θW → e.
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Appendix B: Tree-level octo-triplet decay

W ∗

Θ+

e+

νe

Θ0!
!"p0

Figure 4.14: 3-body decay of the charged octo-triplet scalar through an off-shellW boson.

In this appendix we compute width for the 3-body decay of the charged octo-triplet

through an off-shellW , as shown in Figure 4.14. We definepe, pν , andp0 to be the outgoing

momenta fore, ν andΘ0 respectively. Using the Feynman rule from Appendix A, the

amplitude for this process is

M ≃
√
2 g2

M2
W − 2pe·pν

u(pe) 6p0PLv(pν) , (B.1)

where we have used thee, ν equations of motion in the massless lepton limit. Squaring the

amplitude and summing over helicities we find

|M|2=4g4
2(pe·p0)(pν ·p0)− pe·pνM2

Θ0

(M2
W − 2pe·pν)2

. (B.2)

The decay width in theΘ+ rest frame is then given by

Γ(Θ+→Θ0e+ν) =
g4MΘ+

16π3

∫ ε

0

dEν

∫ Emax
e

ε−Eν

dEe

× MΘ+ (ε−Eν − Ee) + 2EνEe

[M2
W − 2MΘ+ (ε−Eν − Ee)]

2 , (B.3)

whereε is the maximum lepton energy,

ε =
M2

Θ+−M2
Θ0

2MΘ+

, (B.4)
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andEmax
e is the maximum positron energy for a fixed neutrino energyEν ,

Emax
e =

ε−Eν
1− 2Eν/MΘ+

. (B.5)

The integrals in Eq. (B.3) can be performed analytically, with the result

Γ(Θ+→Θ0e+ν) =
α2M4

W

16π sin4θWM3
Θ+

G
(

ε

MΘ+

,
2M2

Θ+

M2
W

)

(B.6)
where we introduced a function

G(x, r) = −ξ (1+r−rx) ln
(
1−x+rx2+ξx

)

− 1

2

[(
1

2
−x
)
r2+ξ2−ξ (1+r−rx)

]
ln(1−2x)

+
r3x3

3
+
3

2
r2x (1−x)+rx , (B.7)

with

ξ ≡ ξ (x, r) =
[
2r + (1− rx)2

]1/2
. (B.8)

Interestingly, the expansion ofr−4G(x, r) for |x| < 1 starts atx5, and the leadingr-

dependent term arises even later, atx7:

G(x, r) = r4x5

15

[
1 + x+

2

7
(4−r)x2

]
+O

(
x8
)
. (B.9)

Translating this expansion into a power series inδM ≡MΘ+ −MΘ0 we find that the exact

tree-level width of Eq. (B.6) is given, up to corrections of order(δM)8, by

Γ(Θ+→Θ0e+ν) ≃ α2 (δM)5

15π sin4θWM4
W

[
1− 3(δM)

2MΘ+

+
4

7

(
9

8
− M2

Θ+

M2
W

)(
δM

MΘ+

)2]
. (B.10)
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Appendix C: One-loop decay of a scalar octet into

gauge bosons

In this Appendix we compute the width for a color-octet scalar decaying to a gluon and

a (massive or massless) vector bosonVµ, which proceeds through scalar 1-loop diagrams

like those of Figure 4.1. In particular, this computation applies to the processΘ± →

W±g, Θ0 → γg orZg.

We label theVµ and gluon 4-momenta (polarizations) byp1 (ǫ1) andp2 (ǫ2), respec-

tively. Since the gluon is always transversely polarized(ǫ2 · p2 = 0), angular momentum

conservation demands that the other vector also be transverse, soǫ1 · p1 = 0. Given that

the contractionǫµνρσ p
µ
1ǫ
ν
1 p

ρ
2 ǫ

σ
2 , cannot arise from scalar triangle diagrams, the amplitude

contains only two terms:ǫ1· ǫ2 and(ǫ1· p2) (ǫ2· p1). Furthermore, by the Ward-Takahashi

identity the amplitude vanishes upon replacingǫ2 with p2, so that the most general ampli-

tude due to scalar loops is given by

M =
µΘgsg̃

π2
C
(
1

2
ǫ1· ǫ2 −

(ǫ1· p2) ǫ2· p1
M2

Θ −M2
V

)
, (C.1)

whereµΘ is the scalar trilinear coupling,̃g is the scalar-vector gauge coupling,MV and

MΘ are theVµ and scalar masses. The dimensionless coefficientC is the only quantity that

needs to be computed from loop integrals.

We now compute the coefficientC for the processΘ+ →W+g by evaluating the 1-loop
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diagrams

M =

∫
d4k

(2π)4
48i µΘgsg

(k2−M2
ϕ)[(p1+p2+k)

2−M2
ϕ]

×
(
1

4
ǫ1· ǫ2 −

ǫ1·(p2 + k) (ǫ2·k)
(p2+k)

2−M2
ϕ

)
, (C.2)

wherek is the loop 4-momentum andMϕ is the mass of the scalars running in the loop. The

logarithmic divergences from the three diagrams cancel, and C in Eq. (C.1) can be written

as a Feynman parameter integral

C =

∫ 1

0

dx

∫ 1−x

0

dy
−3(1− R2) xy

1− xy − R2 x (1− x− y)
. (C.3)

with R ≡ MW/Mϕ. Here we have assumedMϕ = MΘ, as is the case for the octo-triplet

(see Figure 4.1). After integration overy we obtain

C =
−3

2(1−R2)

[
π2

9
−1 +R2

(
π√
3
−1

)
+2J(R)

]
, (C.4)

where we have defined

J(R) =

∫ 1

0

dx

(
1

x
−R2 x

)
ln
[
1−R2 x(1−x)

]
. (C.5)

ForR ≪ 1 the functionJ has the form

J(R) = −R
2

2

(
1− R2

12
− R4

180

)
+O(R8) . (C.6)

After squaring the amplitude (C.1) and summing over final state polarizations, we find

the following decay width:

Γ(Θ+→W+g) =
αsαµ

2
Θ

π3 sin2θWMΘ

f(R) , (C.7)
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where

f(R) =
1

2
C2(1−R2) , (C.8)

with C depending onR as shown in Eq. (C.4). This function, which appears in all 1-

loop decays discussed in this paper, is accidentally suppressed by cancellations between

terms involving various powers ofπ. To see this, consider the expansion aroundR ≡

MW/MΘ → 0:

f(R) = f(0) + f1R
2 + f2R

4 +O(R6) , (C.9)

Each of the above coefficients happens to be much smaller thanorder one:

f(0) =
9

8

(
π2

9
− 1

)2
≃ 1.05× 10−2 ,

f1 = f(0) +
9

4

(
π2

9
− 1

)(
π√
3
− 2

)

≃ −3.00× 10−2 ,

f2 =
9

8

(
π2

9
+

π√
3
− 3

)2
+

3

16

(
π2

9
− 1

)

≃ 2.71× 10−2 . (C.10)

The above value off(0) agrees with that extracted from the width of an octo-doublet[127]

or octo-singlet [117] decaying intogg.

Eqs. (C.7), (C.9) and (C.10) show that the 2-body decays of the octo-triplet into gauge

bosons are suppressed by two orders of magnitude compared toestimates based on dimen-

sional analysis.
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Very Light Axigluons

5.1 Introduction

The CDF and D0 collaborations have recently reported measurements of the forward-

backward asymmetry (AFB) in tt̄ production with intriguing deviations from the standard

model prediction. CDF’s result [15] in the lepton plus jets channel reports an inclusive

parton level asymmetry

AFB (CDF )ℓj = (15.8± 7.4)% . (C.1)

If their measurement in the dilepton channel [16] is combined with this result, the asym-

metry becomes

AFB (CDF )ℓℓ+ℓj = (20.9± 6.6)% , (C.2)
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and exceeds the standard model prediction≃ 5% [17]- [19] by more than 2 standard devi-

ations.

D0 performs a similar search [20] in the lepton plus jets channel and reports an inclusive

parton-level asymmetry

AFB (D0)ℓj = (19.6± 6.5)% , (C.3)

which is also more than 2σ above the SM result. Taken together, these consistent deviations

may be evidence for new physics in top quark production.

While all the inclusive measurements are consistent with each other, CDF’s lepton plus

jets search sees sharp mass dependence [15] in the binned result

AFB(Mtt̄ < 450GeV ) = (−11.6± 14.6)% ,

AFB(Mtt̄ > 450GeV ) = (47.5± 11.4)% ,

where the high mass bin is3.4 σ above the SM prediction. Neither D0 nor the comple-

mentary CDF dilepton search see the same effect; both find consistently positive> 2σ

deviations from the SM over the fullMtt̄ range.

It has been observed that massive gluons with axial couplings can induce a large

forward-backward asymmetry intt̄ production by interfering with standard model pro-

cesses [154]- [166]. Motivated primarily by the mass dependent CDF result, these models

predict asymmetries that rise uniformly with invariant mass and feature a sign flip near

Mtt̄ ≈ 450 GeV. Large (TeV scale) masses are typically required to satisfy dijet-resonance

search bounds and suppress contributions to thett̄ invariant mass distribution. To produce
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an asymmetry with the observed sign, most models also require flavor violation and are

severely constrained [167] by limits on flavor changing neutral currents. For a comparison

of heavy axigluons and other models that address the top asymmetry, see [168].

Relatively lighter axigluons (400 – 450 GeV) [169] can produce a large top asymmetry

without flavor violation, but this mass scale is in tension with dijet resonance bounds and

the differentialMtt̄ distribution. Extra field content is generally required to broaden decay

widths and avoid resonant enhancements to top quark observables.

In this paper we propose avery light (50 – 90 GeV), weakly coupled axigluon to ex-

plain the top asymmetry. The model inherits many of the features heavier axigluons enjoy,

but counterintuitively avoids their experimental constraints by being light: dijet resonance

searches suffer from large QCD backgrounds at low invariantmasses, particles below the

2mt threshold do not produce bumps in thett̄ invariant mass distribution, and nonreso-

nant production suppresses new physics contributions to the tt̄ cross section, which start at

fourth order in the axigluon coupling. We find that the strongest upper bounds in this mass

range come from Tevatron searches for light Higgs bosons produced in association with

an additionalb-jet. The strongest lower bounds come from UA2 dijet searches and LEP

measurements of the hadronicZ width.

In Section 5.2 we describe our model; in Section 5.3 we discuss the details of our

numerical simulation; in Section 5.4 we address the experimental constraints; in Section

5.5 we compute thett̄ forward-backward asymmetry and compare theoretical predictions

with production-level data; in Section 5.6 we make some concluding remarks.
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Figure 5.1: Axigluon contribution tott̄ pair production. Interference with the standard
model gluon exchange diagram generatesAG′

int.

5.2 Model Description

We give the axigluon (G′) flavor universal couplings to SM quarks

L ⊃ g′G′a
µ Q̄ T

aγµγ5Q , (C.1)

whereg′ ≡ λgs is the axigluon coupling constant, which we express in unitsof the strong

coupling. This operator can arise from an extendedSU(3)1 × SU(3)2 color group that

breaks down to the diagonalSU(3)c of QCD and gives rise to massive spin-1 color octets

[170]- [173]. For an axigluon of massmG′ our effective model requires a UV completion

at the scale4πmG′/g′ = 1.7 TeV and 850 GeV forλ = 0.3 and 0.6 respectively. In this

paper, we will focus only on the low energy effective theory and leave UV model building

for future work.

Without additional field content, all decays proceed through operator in Eq. (C.1), so

axigluons can only decay to quark pairs and give rise to dijetand four jet events for single

and pair production, respectively. Since we work in the regime where the axigluon is below

thett̄ threshold, the total width is [174]

ΓG′ =
nf
6
αsλ

2mG′ , (C.2)
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wherenf is the number of active fermion flavors. FormG′ = 80GeV andλ = 0.4, this

width isΓG′ ≃ 1.1 GeV.

The differential cross section for the processqq̄ → tt̄ in the CM frame is a sum of

standard model, interference, and axigluon terms

dσ̂(G′)

d cos θ
= ASM +AG′

int +AG′

axi , (C.3)

where [175]

ASM =
πα2

sβ

9ŝ

(
2− β2 + (β cos θ)2

)
, (C.4)

AG′

int =
4πα2

sλ
2

9

(ŝ−m2
G′) β2 cos θ

(ŝ−m2
G′)

2
+m2

G′Γ2
G′

, (C.5)

AG′

axi =
πα2

sλ
4

9

ŝ β3(1 + cos2 θ)

(ŝ−m2
G′)

2
+m2

G′Γ2
G′

. (C.6)

Hereβ ≡
√

1− 4m2
t/ŝ is the top quark velocity andθ is the angle between the incoming

quark and outgoing top in the CM frame. A forward-backward asymmetry can only arise

from terms with odd powers ofcos θ, so the effect is due entirely to interference. In the

presence of both vector and axial-vector couplings, there is an additional small contribution

to the asymmetry from the new-physics squared term.

Note that the asymmetry generating termAG′

int is proportional to(ŝ−m2
G′). For heavier

axigluons, this dependence gives rise to a negative asymmetry because the mass is typically

larger than the partonic CM energy. To compensate, many models introduce opposite sign
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couplings to the first and third generations. In our case,mG′ < ŝ for on-shelltt̄ production,

so the asymmetry is always positive and flavor violation is unnecessary.

5.3 Simulation and Acceptances

In the lepton plus jets analysis, CDF unfolds raw data by deconvolving their detector

simulation and jet algorithm to yield a partonic data set from events that survive cuts at

the detector level. To compare our model predictions with this data, it is necessary to

generate an event sample with partonictt̄ pairs in the final state. However, knowing the

predicted cross section and experimental luminosity is notenough to properly normalize

kinematic distributions from the partonic simulation; we must also know the detector level

acceptances. We thus perform two simulations: one at the partonic level to make our plots

and one at the detector level with CDF’s cuts to compute the acceptances that normalize

these distributions.

We simulate the partonic processpp̄ → tt̄ in MadGraph 5 [176] using a model file

generated with FeynRules [177]. This file adds the operator in Eq. (C.1) to the full standard

model Lagrangian so that the process in Figure 5.1 contributes tott̄ production and gives

rise to interference with SM gluon-exchange.

For the acceptances, we also perform a more realistic simulation (pp̄ → tt̄ → ℓν + 4j)

using PYTHIA [178] for the parton shower and PGS [179] for detector effects. To compare

with CDF’s lepton plus jets search, we impose the following cuts: at least four jets with
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ET > 20GeV and at least oneb-tag; for non-b jets |ηj| < 2, for b-jets |ηbj | < 1; large

missing energy6ET > 20GeV; and exactly one electron or muon withpℓT > 20GeV and

|ηℓ| < 1.

Note that there is some error introduced by this approximatemethod. A complete com-

parison with experimental data would not only run a full detector simulation (including

PYTHIA and PGS), but also identify top quarks with a least-squares kinematic fit and un-

fold the detector-level output using the CDF algorithm thatreconstructs partonic events

from raw data. Nonetheless, our approach accurately reproduces CDF’s standard model

expectation for thett̄ invariant mass distribution1 so the error introduced by a constant ac-

ceptance function is likely to be small in our case as well. Weleave the full unfolding for

future work.

5.4 Experimental Constraints

Models that explain the top asymmetry must agree with thett̄ invariant mass distri-

bution and total cross section, both of which are in good agreement with standard model

predictions. Any candidate model with ans-channel mediator must satisfy constraints from

dijet resonance searches at hadron colliders. In our case, we must also contend with a vari-

ety of older measurements that set lower bounds on new colored particles.

1 Although the forward-backward asymmetry arises only at loop level in the SM, its numerical value is
tiny (∼ 5%), so this tree level method also adequately reproduces the (nearly symmetric) SM predictions for
the∆y = yt − yt̄ rapidity distributions in [15].
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5.4.1 Top Quark Measurements

The tt̄ cross section at the Tevatron has been measured to beσexp.tt̄ = 7.50 ± 0.48

pb [180], which agrees with the standard model prediction inperturbative QCD2, σsmtt̄ ≃

(6.32 − 7.99) pb formt = 172GeV [181]. The leading order result,(σsmtt̄ )LO ≃ 5.63 pb,

computed with MadGraph, implies a SMK-factor between 1.12 and 1.42.

Including an axigluon withmG′ = 80 GeV andλ = 0.4, gives a total LO cross section

of (σaxitt̄ )LO = 6.08 pb, which is only an 8% increase over the SM LO result. This minor

enhancement is due entirely toAG′

axi in Eq.(C.1), which is fourth order in the axigluon cou-

pling; the interference termAG′

int does not contribute to the total cross section. Although

computing higher order corrections is beyond the scope of this work, the color structure of

the axigluon exchange diagrams is identical to that of the relevant SM processes, so we ex-

pect higher order corrections to be of similar magnitude, though a more precise calculation

is necessary to take into account the additional interference. As long as theK factor does

not differ substantially from that of SM production, the total tt̄ cross section stays in good

agreement with experiment. For the remainder of this paper,we will assume theK factor

to be 1.2, so our benchmark cross section becomes 7.3 pb.

For very light axigluons(mG′ ≪ 2mt), top pair production is nonresonant, so the in-

variant mass distribution is also in good agreement with experiment. In Figure 5.2 we show

the simulatedMtt̄ distribution (blue) plotted alongside the CDF data points and standard

model background (purple) taken from the lepton plus jets search [15].

2 For complementary calculations see [182,183].
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Figure 5.2: Tevatron invariant mass distribution fortt̄ pairs (blue, color online) including
both axigluon and background contributions. Data points and standard model background
(purple) are taken from CDF’s lepton plus jets search [15]. Here we useλ = 0.4 and
mG′ = 80GeV. After including a aK-factor of 1.2, the top cross section isσtt̄ = 7.3 pb.
Applying the CDF cuts (see Section 5.3) gives an acceptance of 2.6%.

5.4.2 Dijet Resonance Searches

Quark coupled axigluons give rise to two and four jet events from single and pair

production, respectively. Our mass range of interest (50 – 90 GeV) is safe from Teva-

tron [184, 185] and LHC [186, 187] dijet resonance searches,which do not set bounds on

masses below 180 and 200 GeV, respectively. A preliminary ATLAS analysis of multijet

events [188] sets limits on color octet scalars with narrow widths, but does not constraint

masses below 100 GeV. With lower search thresholds, this model may be testable at both

the Tevatron and LHC, however, signal and background are expected to be large at both

colliders [189].

The UA2 search for hadronicW andZ decays [190] measures the exclusive two-jet
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mass spectrum between 48 and 300 GeV, which constrains the light axigluon parameter

space. Using 4.7pb−1 for Mjj > 66 GeV (and 0.58 pb−1 for 48 GeV< Mjj < 66 GeV),

the combinedW andZ resonances are extracted with a bi-gaussian fit above a smooth

background function normalized to the data. The best fit bi-gaussian signal spans theMjj

range between 70 and 100 GeV and yields a cross section ofσ · Br(W,Z → jj)obs. =

9.6±2.3±1.1 nb, whose central value exceeds the SM prediction at NLO,σ · Br(W,Z →

jj)SM = 5.8 nb, by almost a factor of two.

Although a three-gaussian fit and a QCD background prediction are necessary to prop-

erly constrain axigluons using this data, we can extract a rough bound by finding(λ,mG′)

values for which the combined SM and new-physics predictions exceed the observed num-

ber of events under the best fit gaussian by 2σ. In Figure 5.3 we plot the exclusion boundary

(yellow dot-dashed line) determined using Madgraph, PYTHIA , and PGS to simulate our

signal.

For dijet masses below 70 GeV, the UA2 analysis does not attempt to fit any signal,

so a possible resonance would almost certainly have been missed given the very large

background in this mass range. Even nearmW andmZ , the signal/background ratio is

only a few percent and the gauge boson peak is not visible to the naked eye (see Figure

5 in [190]) prior to a rescaling that emphasizes the region around the knownW andZ

masses. Since the background model for this search is purelydata-driven, the low-mass

region does not impose a meaningful constraint without a dedicated bump hunt.
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Figure 5.3: Allowed axigluon parameter space in the (λ,mG′) plane plotted alongside
bounds from dijet-resonance searches andΓ(Z → hadrons) measurements assuming dif-
ferent extractions ofαs. The blue and purple bands (color online) are regions favored by
the combined CDF/D0 inclusive asymmetry measurements at1σ and2σ, respectively. The
dot-dashed yellow curve marks the approximate 2σ bound above which model predictions
exceed UA2 dijet limits from hadronicW andZ decays (see Section 5.4.2). The solid
black curve marks the boundary above which corrections to the hadronicZ width exceed
the observed value by2σ assuming the standard model extraction ofαs(mZ) = 0.1184.
The dashed and dotted black curves give the same bound, but respectively assume2.5%
and5% reductions to the SM value ofαs(mZ). Reductions of this magnitude are typical
of light axigluon contributions to the QCD beta function (for a discussion see Sections
5.4.5 and 5.4.6). The region abovemG′ > 90 GeV is excluded by Tevatron3b-searches.
Since LEP event shapes rule out gluon-coupled adjoint fermions around 50 GeV, our model
may encounter a stronger lower bound since axigluons also couple to quarks, but a proper
analysis is necessary to set the correct limit.

5.4.3 Light Higgs Searches

Tevatron searches that look for light Higgs bosons producedin association withb-jets

(pp̄ → hb → bbb) are sensitive to axigluon decays intob-quarks. Since these searches

require at least threeb-tags to reduce the QCD multijet background, the bounds theyimpose

on σ(hb) · Br(h → bb) also apply to the processespp̄ → G′b → bbb andpp̄ → G′bb →
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bbbb, the latter of which can also arise from pair produced axigluons. However, the CDF

[191] and D0 [192] results only apply to masses above 90 GeV; light axigluons fall below

the sensitivity threshold. To be conservative, we will onlyconsider masses below 90 GeV

where the 3b constraints do not apply.

The authors in [193] use Tevatron Higgs searches in the associated production channel,

pp̄ → Wh → (ℓν)(bb̄) to exclude axigluons withλ = 1 between75− 125 GeV assuming

Br(G′ → bb̄) = 1/5. In our case withλ = 0.4, the Tevatronqq̄ → WG′ cross section

decreases by a factor ofλ2, which reduces the axigluon signalσ · Br from≈ 50 pb down to

≈ 5 pb formG′ = 50 GeV also assumingBr(G′ → bb̄) = 1/5. This falls safely below the

quoted bound of∼< 20 pb, however, this number is based on analysis from an unpublished

talk, so its status is not clear. Current Tevatron searches for the associated production of

Higgs bosons are not sensitive to masses below 100 GeV [194,195].

Naively it would appear that LEP searches in the Higgstrahlung channel [196]- [199]

e+e− → Zh → 4j would be sensitive to light axigluons produced ine+e− → Z∗ →

qq̄G′ → 4j events. However, the event selection algorithms in these analyses look for

kinematics that fit the Higgstrahlung topology in which the invariant masses of jet pairs

produce bothZ and Higgs resonances. In events with on-shell axigluons, all four jets arise

from virtualZ exchange, so this possibility is highly disfavored. Furthermore, this process

occurs at orderλ2 and suffers additional phase-space suppression.

Similar considerations apply to LEP measurements of triplegauge boson couplings

[200]- [203] which look fore+e− → W+W−, ZZ → 4j events. These analyses se-
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lect events using neural network algorithms designed to identify diboson production; light

axigluons arising fromZ exchange have very different kinematics and fail this selection,

which requires some combination of jet pairs to reconstructat least one gauge boson mass.

At the higher end of our mass range (mG′ > 80 GeV) it may be possible for an axigluon to

fake a hadronically decaying SM gauge boson, but the other two jets would not reconstruct

a resonance. The coupling and phase-space suppression alsodiminish the rate at these

searches, so axigluon production is negligible compared totree-level diboson and QCD

background processes.

5.4.4 Event Shapes

Constraints on light colored-particles have been extracted from the analysis of event

shapes at LEP. Comparing multijet data with calculations insoft colinear effective theory

(SCET) rules out color adjoint fermions below 51 GeV at 95% confidence [204]. However,

this approach assumes that the new field couples only to gluons, with no tree-level quark

interactions. To set a proper lower bound, it is necessary torepeat this analysis with more

general assumptions, however, it is unlikely that this would yield a more lenient limit so

we will not consider masses below≈ 50 GeV.

LEP studies of four-jet events fromZ decays [205]- [208] can be sensitive to light,

colored particles that couple to quarks. Various angular distributions are used to success-

fully distinguishSU(3)c QCD from alternative abelian theories of the strong force, so the

presence of light axigluons could potentially spoil this success. However, using Madgraph
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to generate four-jetZ decays at the parton level, we find that the presence of an axigluon

(λ = 0.4) in our mass range does not qualitatively distort these angular distributions rela-

tive to the QCD prediction. This is unsurprising sinceO(10%) of SM hadronicZ decays

produce four-jets – the exact number depends onycut and other jet algorithm details [209] –

whereas in our model onlyO(0.1%) of hadronic decays proceed throughZ → qq̄ G′ → 4j

prior to imposing cuts (see Section 5.4.6). For higher energies probed by LEP II (
√
s ≈

200 GeV), the totale+e−→ Z∗ → qq̄G′ → 4j rate is similarly negligible compared to SM

four jet production; this conclusion is robust for values ofycut spanning several orders of

magnitude.

5.4.5 Running of αs

Since axigluons couple to the strong sector, they give rise to loop diagrams that modify

the QCD beta function above the scalemG′ . The standard model running between energy

scalesQ andµ is given by

αs(Q
2) =

αs(µ
2)

1 + b αs(µ2) log
(
Q2

µ2

) , (C.1)

where, to leading order,b = (33− 2nf)/12π andnf is the number of active flavors. Since

axigluons have the same quantum numbers and self couplings as gluons, their principal

effect on the running is to double the gluon contribution to the beta function abovemG′ :

b → (2 × 33 − 2nf)/12π. This accelerates asymptotic freedom and yields smaller values

of αs near the weak scale.
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While this adjustment naı̈vely jeopardizes the agreement between theory and experi-

ment for the running, the experimental extraction ofαs depends entirely on the assumed

validity of standard model QCD with no additional field content [210]. At each energy

scale, anαs-dependent observable is equated to the SM prediction and the resulting data

point is extracted implicitly. If light new states were present in the strong sector, this data

would completely ignore their contributions, so the current agreement between theory and

experiment does not constrain our model.

To roughly estimate the axigluon correction toαs(mZ), we use a well-measured value

of αs belowmG′ as an IR boundary condition and evolve it with the new beta function. This

method is crude because even low-energy observables used toextractαs depend somewhat

on virtual axigluon processes, which are ignored in the extraction of reported measure-

ments. Nonetheless, using the boundary conditionαs(14.9GeV ) = 0.160, [210] the weak-

scale value becomesαs(mZ) = 0.105, 0.110, and 0.115 formG′ = 50, 65 and 80 GeV,

respectively. Different IR boundary conditions give similar downward corrections of or-

der a few percent relative to the SM extractionαs(mZ) = 0.1184. Note that this result is

independent ofλ since axigluons couple to gluons with QCD strength.

This model also predicts a kink in the running ofαs nearmG′ . Our mass range of

interest (50 – 90 GeV), however, overlaps with a region wheredata points are sparsely

distributed with relatively large error bars (see Figure 6 in [210]) compared to the data set

as a whole. Kinks in the slope ofαs would, therefore, be unlikely to stand out in the data.

Nonetheless, a model-dependent extraction ofαs is necessary to evaluate the possibility of
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kinks or overall data shifts due to new physics contributions.

5.4.6 Hadronic Z Width

The strongest lower bound onmG′ comes from virtual and three-body corrections to the

hadronicZ width. Axigluons that couple to quarks with QCD strength (λ = 1) enhance

this width by a factor of

1 +
αs
π
f (mZ/mG′) +O(α2

s) , (C.2)

wheref is a function derived in [211, 212]. The LEP measurement ofΓ(Z → hadrons)

and the extracted value ofαs(mZ) constrain the size off(mZ/mG′) and severely restrict

axigluon masses:mG′ > 570 (365)GeV for λ = 1 at the 65% (95%) confidence level

[193].

However,f is highly nonlinear, so the mass constraint isextremelysensitive to the ax-

igluon coupling. In our scenario, the constraint onf applies to the combinationλ2f , which

dramatically weakens the lower bound onmG′. Furthermore, following the discussion in

Section 5.4.5, light axigluon (mG′ < mZ) contributions to the QCD beta function generi-

cally decrease the value ofαs(mZ) at the percent level. Since this is used to compute QCD

corrections to the SM prediction forΓ(Z → hadrons) [213], a smaller value opens up

more allowed parameter space for new physics; the positive axigluon contribution to the

width compensates for a slightly smaller SM result which is reduced by the new value of

αs.
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In Figure 5.3 we plot2σ exclusion bounds from the hadronicZ width on the(λ,mG′)

plane alongside the regions favored by combined CDF and D0AFB measurements (dis-

cussed in Section 5.5). The solid black curve uses the standard model extractionαs(mZ) =

0.1184 ± 0.0007 [210] and the measuredΓ(Z → hadrons) = 1.744 ± 0.002 GeV [214]

to identify parameters for which the theoretical prediction exceeds the measured central

value by 2σ. Also plotted are the 2σ bounds assuming 2.5 % (black dashed) and 5% (black

dotted) reductions inαs(mZ) due to the modified running that includes axigluon contribu-

tions. These curves show how sensitive the bound is to modifications inλ andαs(mZ).

Since we generically expect light axigluons to reduce the value of αs(mZ) by a few per-

cent relative to the SM extraction, the dashed and dotted curves are more faithful to the

underlying physics. Given the sensitivity of the bound, a proper extraction ofαs involving

axigluon processes is necessary to accurately constrain the parameter space; the limits in

Figure 5.3 serve merely to illustrate the impact on the allowed region.

5.4.7 Bounds from σ(e+e− → hadrons)

The authors in [211] calculate3 axigluon corrections to the ratio

R(s) ≡ σ(e+e−→ hadrons)

e4/12πs
(C.3)

at the scale
√
s = 34 GeV and thereby exclude masses below 50 GeV at 95% confidence

assumingλ = 1. As with the hadronicZ width, the corrections for this process are propor-

3Note that [211] corrects some minor, yet consequential errors from an earlier paper [212] that placed a
far stronger lower-bound on the mass.
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Figure 5.4: Inclusive top anti-top rapidity difference distribution plotted against unfolded
CDF data. Here we use the same model parameters as in Fig. 5.2.The blue histograms
include both signal and standard model background. Both data and background (purple)
are taken from [15]. This plot omits the small, loop level asymmetry generated by SM
processes.

tional to the factor in Eq. (C.2) with the replacementαs → λ2αs, so the discussion in Sec-

tion 5.4.6 applies to this bound as well. SinceΓ(Z → hadrons) is extracted fromR data

at theZ pole, the allowed parameter space in Figure 5.3 is automatically consistent with

bounds fromR near
√
s = mZ. For smaller energies in our range of interest,

√
s ∈ 50−90

GeV, the uncertainties on theR data are larger than those at theZ pole [214], so the bound

is weaker.
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5.5 Forward Backward Asymmetry

The forward-backward asymmetry can be written

AFB ≡ N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
, (C.1)

where∆y ≡ yt − yt̄ is the rapidity difference between the top and anti-top quarks.

In Figure 5.3 we show the favored parameter space in the(λ,mG′) plane. The blue

(purple) band represents the region of1σ (2σ) agreement with the combined CDF, Eq.

(C.2), and D0, Eq.(C.3) inclusive measurements. For typical points in these regions, the

model predicts a positive asymmetry of order20%.

In Figure 5.4 we show the inclusivett̄ rapidity-difference distribution plotted against

the CDF data. The signal simulation is identical to that usedto generate Figure 5.2 with

mG′ = 80 GeV andλ = 0.4. After applying the cuts described in Section 5.3, the accep-

tance is is 2.6%. This plot only depicts the effects of tree-level processes; the histograms

do not include the small asymmetry induced by standard modelprocesses. However, the

numerical results in Fig. 5.3 include the full asymmetry with both SM and new physics

contributions.

Although our simulation gives an acceptable fit to the rapidity data, some of the bins

are more than1σ away from data points. We, however, do not expect perfect agreement at

this level of analysis. The distribution in Figure 5.4 is a rough approximation of the full

theory prediction which requires both a full CDF detector simulation and the subsequent

unfolding for a proper comparison with data.
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In Figure 5.5 we show the theory prediction for the mass dependent asymmetry

AFB(Mtt̄) plotted alongside the unfolded CDF data. Like other lights channel media-

tors, light axigluons predict a positive asymmetry throughout the whole range of invariant

masses. While the agreement at low invariant mass is not ideal, neither D0 nor the CDF

dilepton measurement observe strong mass dependence, so the significance of the mass-

dependent data is not clear.

Note that in Figures 5.2, 5.4 and 5.5 we only compare the modelto CDF results be-

cause their published distributions feature production-level data, which allow for a direct

comparison with parton level simulations. Comparison withD0’s distributions requires a

detailed understanding of their detector simulation, which is beyond the scope of this work.

Our conclusions have emphasized inclusive results from both collaborations since these are

in better agreement with each other than the more controversial mass-dependent data.

5.6 Conclusions

We have shown that a light axigluon with flavor universal couplings can generate a

large, positivett̄ asymmetry and naturally agrees with measurements ofdσ/dMtt̄. The

model has viable parameter space consistent with light Higgs bounds, dijet resonance

searches and measurements of the hadronicZ width.

For masses between50 − 90 GeV and quark couplings in the range0.3 gs − 0.6 gs,

the theoretical prediction for the parton-level top asymmetry is in good agreement with
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Figure 5.5: Theory prediction for the mass dependenttt̄ asymmetry (purple histograms)
plotted against the binned, unfolded CDF data in the lepton plus jets channel [15]. Here
we use the same model parameters as in Fig. 5.2. For comparison with CDF, the bin
sizes are 50 GeV forMtt̄ < 600 GeV and 100 GeV for larger invariant masses. Since the
interference term in the differential cross section, Eq. (C.5), is proportional to(ŝ − m2

G′),
the asymmetry is always positive for on-shelltt̄ production. This is a generic feature of
light axigluon models.

inclusive results from both CDF and D0. The asymmetry is proportional to(ŝ −m2
G′), so

the sign ofAFB is always positive for on shell top pair production with
√
s > 2mt ≫ mG′ .

In the presence of a light axigluon, both the predicted and observed values ofαs are

modified at the percent level. A reanalysis ofαs(
√
s) measurements could reveal small

downward shifts in the data since the modified beta function accelerates the running ofαs

in the presence of an axigluon. The downward shift inαs also decreases the SM predictions

for Γ(Z → hadrons) andσ(e+e− → hadrons), which expands the parameter space for

(λ,mG′) values that explain the top asymmetry.

Although the QCD background at low masses is formidable, it may be possible to revisit

UA2 dijet data and perform a dedicated bump hunt in the low mass region with updated
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background calculations. It should also be possible to include light axigluons in a SCET

reanalysis of event shapes in LEP data, which would likely set the strongest lower bound

on this model.

If very light axigluons explain the top forward-backward asymmetry, the Tevatron and

LHC experiments should, in principle, be able to observe resonances in two and four jet

events from single and pair production. Since the effectivemodel presented in this paper

demands a UV completion at energy scales near the LHC’s designed sensitivity, we predict

new physics around the TeV scale, but the specific signals aremodel dependent at this level

of description and would be interesting to pursue as future work.
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